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Preface

'he puqpose of this research is to modify the Tactical Ar Command (TAC)

Campaign model that the Joint Study Group (JSG) uses to dt-rmine procurement

needs. Mixmaster is an aggregate version of the Theater Auack Model (rAM)

which is a large scale Linear Program (LP) that the Air Force Center for Studies

and Anal3 es (AFCSA) currently employs for some of their analyses. This research

develops four basic cost and budget modifications for the Mixmaster model.

At this opportunity I would like to express my gratitude to my advisor, Dr.

James Chrissis. for his efforts. Had he not informed me about this research, I would

be a graduate studem without a thesis topic. Also, I would like to extend my

special thanks to my reader, Lt Col James Moore, for being patient while cot recting

my spelling and numerical errors. I appreciate the encouragements of my iesearch

sponsor, Capt Skip Langbehn; thanks for the hints from an AFIT survivor.

For my best friend Kathy Harrington, it was not that easy to spend two neuro' (-

years with me, but we both survived and my deepest aI,,)reciation goes to her. She

helped me understand America, what else I needed? I cannot thank enough Debbie

Conrad and Buzz Reed for helping me review the grammar and syntax of this paper.

My family, Babacigim, Ruherruh, Abim and Sellum without their support this
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With confidence, I hope this research will be very useful to JSC.
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A bstiuect

The Theater Attack -Model (TAM) is a large scale linear program (LIP) that

the Air Force Center for Studiles and AnalySes'- (AFCSA) uses to aid the decision

miakers in making procurement and budget. decisions. Throughi thfe years, TANI has

been modified by the other analysis agencies of the Air Force. Nlixmaster is one of

the aggregated versions of TAM' that the Joint Studies Croup (JSG) of the Tactical

Air Command (T.AC) currently uses. hlowever. Mixinaster does not include cost and

b~udget isusin its current linear configuration1.

Thbis research Investigates the cost an(1 budg-et modhificat ionis to MN-ixinaster.

Seven simple cost employment methods. a goal Jprog-rainming approach, a prob~a-

b~ilistic approach for determining cost coefficients. and a g-:oal programmning version

of that probabilistic approach wvere applied to XMmaster. Also, Mixmnaster was en-

hanced with an additional leading constraint to incorporate the Air Force tactical

considlerations in a campaign scenario.

Thie results favor the advantages of the goal prog,,ramnming approaches. III

adldit ion, the probab~ilistic approach Introducing the tmec factor in the computations

promises mnorc accurate results, given that the requilred parameters are estimated

accurately.

For1 firfhc; enh lanlcemlent (s; first, a ranked goal programmning application t~o

Mixmnaster is recommiended upon condition that, anl efficient software package is uised.

.Scond(, an Investi1gation of mnethods t~o determine better estimates of t,1w probabilistic

ahpproachi parainieters is proposed.

xii



AN INVESTIGATION OF MODIFICATIONS

TO THE TAC CAMPAIGN MODEL

I. INTRODUCTION

1.1 Background

Senior decision makers are concerned about anticipating future needs for procur-

ing aircraft. munitions and spare parts. Accordingly, tihe United States Air Force

(USAF) charges the Air Force Center for Studies and Analyses (AFCSA) to con-

duct studies associated with various constraints on procurement. These constraints

include budget changes; aircraft and munition effectiveness; target values; attrition

rates; the cost of current and forecast aircraft; munitions and spares; existing force

structure of aircraft and munitions; weather; length of mission and length of conflict.

"Curently, AFCSA uses the Theater Attack Model (TAM), a large-scale linear pro-

gram (LP), in these analyses to evaluate theater level tactical operations in support

of procurement decisions*' [3:11.

TAM has been exported to other analysis centers and major commands that

are seeking a better understanding of the influence of budget and the marginal results

of different operational capabilities. There are different versions of TAM in terms of

the entity bases (i.e., indices) that are included. The slicer size of TAM makes it one

of the largest LPs the Pentagon regularly uses (generally with 3500 constraints and

250000 variables). Iowever, the size of this full version of TAM is not convenient

for use by small agencies or suL- commands. For their convenience, smaller versions

of TAM were developed. They are easier to manipulate; they also provide strong

insight, despite their small size.
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1.- The TAM Linear Program

To understand TAM as an LP, it is worthwhile to briefly discuss linear pro-
gramming For many !pcople, LP is considered among the most important scientific

developments of the mid-twentieth century. The foundation of LP goes back to the

studies done within the military procurement area during and after World War II

with project SCOOP. This project was directed by George Dantzig who later devel-

oped the simplex method which facilitates linear programming computations [3:1].

The impact of LP has been extraordinary. Today, it is a standard tool
that has saved many thousands or millions of dollars. What it basically
does, is to allocate limited resources among competing alternatives in the
best possible way (i.e. optimal). [5:23]

In the mid 1980s, strict weapons effectiveness studies became inadequate due

to their lack of real-life conflict parameters. In response, LtCol Robert J. Might

developed a model which measures the value of a particular weapon system or mu-

nition in the context of an entire conflict in a theater war. The model attempts to

provide deeper insight on the following questions:

" How much of a weapon system's effectiveness can be covered by
other systems?

" flow would attrition affect a current or proposed weapon system?

* How effective is every weapon system and munition combination
against every available target type?

" Ilow often will a particular weapon system and munition combina-
tion be turned in a war? How many of these sortie types can be
realistically supported?

SlHow lomg will a weapon system and munition combination remain
effective?

" If a new weal)on system is not selected for production, will the
loss of marginal effectiveness be replaced by another weapon sys-
tem/munition combination?

1-2



e Would the entrance of a new weapon system into the inventory
remove all need for an older weapon system? [3:2-31

Might states that -a strict weapon system analysis cannot answer these ques-

tions" [7:55-63] However. TAM, with its inherent parameters such as multi-period

conflict, multiple weather bands, multiple sortie-distance, multiple aircraft-munitions

and multiple spare resources, computes optimality while accounting for:

" effectiveness of each aircraft. and munition combination againrt each
target type.

" expected attrition of each aircraft against each target type,

" daily sortie rates for each weapon system,

" current inventories of aircraft, munitions, and spare parts,

" the numbers and values of enemy targets, day by day, including the
effects of replacements,

" procurement costs of new aircraft, munitions and spare parts,

" the value of sparc parts te increase, decrease or maintain sortie rates
[3:3].

Further, TAM was extended in terms of the entities to include the capability to

consider air base operability and the effectiveness of electronic countermeasures to

aircraft survivability [3:3].

Unlike the construction of some other sensitive LPs, TAM's construction is

very flexible and, as such, may be used for different, purposes; ergo, many of the

TAC components have modified TAM's construction to meet their study objectives.

Among these components, the Joint Studies Group (JSG) has increased its involve-

ment with the USAF Munitions Roadmap and has realized the need for a model

which can provide timely, operationally-sound answers while retaining the flexibil-

ity to handle a variety of questions. JSG has developed the Mixmnaster model, a

scaled-down version of TAM, to provide decision makers with an analytical tool for

det rm ining munitions requirements. M ixnaster has six parameters representing

1-3



aircraft type, weapon type, target type, distance band, time, and weather condilion.

This aggregate model includes fewer parameters than TAM which means less compu-

tation time; hence it presents quick solutions even when run on desktop computers.

In terms of the weapon-- in TAC's iuventory, with this configuration, Mixmastcr is

capable of providing adequate insight to the .JSG analysts. [41.

1.3 Purpose of the Rescerch

Currently, Mixmaster has constraints associated with aircraft, munitions, and

targets. The objective function is to maximize Target Value Destroyed. The pri-

mary decision variable of the model is Number of Sorties Flown. Nevertheless, this

construction of the model does not relate the decision variable to any cost figures.

Therefore, Mixmaster does not answer questions about cost while optimizing the

Target Value Destroyed. Moreover, some concerns of decision makers about the

model's operational accuracy in a theater conflict questioned the reliability of Mix-

master. Also, the uncertainty of the budget raised another problem for the model.

Decision makers were not satisfied by the answers based upon the predetermined

budget figure in the model. Regarding these concerns, the purpose of this study is

to improve the operational accuracy of Mixmaster and to investigate modifications

employing cost and budget figures appropriately.

1.4 Problem Statement

As mentioned, the objective function of Mixmaster maximizes the Target Value

Destroyed. The LP model solves for the Number of Sorties that should be flown by

each combination of aircraft and munition for every target, distance band, time, and

weather condition. Eariier attempts to modify the objective function with aircraft

costs so as to maximize Target Value Destroyed per Aircraft Dollar revealed an

inconsistency between LP rcsults and air operations expectations. LP optimization

techniques trcat the cost cocficients as penalties to avoid. Hence, according to

1-4



the solutions, an aircraft with a cost of $20 million must always be preferred to

an aircraft with a cost of 360 million. For instance, the winner of the F-16 versus

th F-15 in a scenario where the attrition rates are similar for both will always be

the F-16 since its cost is substantially less than the F-15's. This occurs because

the differen:-e in yield-target killed per sortie by the a:rcraft-of these two distinct

aircraft remains insignificant when compared to the differ-ence in cost of the two

aircraft. The model always produces thes.. kinds of solutions because it does not

permit the lo,-s of an aircraft with a substantial cost and it never prefers to use that

costly aircraft. Therefore, the model seems to hinder the tactics of decision makers

by disregarding the use of more costly, possibly more effective, aircraft.

In addition, Mixmaster does not include a. budget constraint in its current

configuration. Lacking a budget constraint causes some uncertainties in decision

making process since it is probable that the dedicated budget may not suffice to

afford procurement needs. If procurement needs are determined accounting for a

dedicated budget then the results of Mixmaster will be more sound.

The inconsistency between LP results and air operation requirements reveals

another deficiency of Mixmaster. The model disregards the appropriate use of air-

craft in a variety of munition target combinations. For instance, results show Mix-

master can allocate the A-10 aircraft deep in enemy territory despite the fact that

A-10s are supposed to be allocated for close air support missions [4].

Consequently, this research suggests methods to improve operational accuracy

and investigate modifications of the model by using techniques to include costs in the

objective function; a goal programming approach ; a l)robabilistic approach which

detcrmines the cost roefficients; and a goal programming version of that probabilistic

approach.
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1.5 Overview of Subsequent Chapters

The remainder of this paper synthesizes the research and results. The dynamic

evolution of TAM currently takes place in various studies and analysis centers of

the USAF. Because of classification, documented sources about the applications of

TAM are few. Chapter 2 focuses on the developmental phase of TAM and some

suggested improvements. Chapter 3 covers the suggested methods for the inclusion

of cost in the model. Chapter 4 presents the investigation of the methods applied by

analyzing the results. Chapter 5 presents an application of the modifications to two

cases. Chapter 6 concludes the research with an examination of the best approaches

and presents recommendations for JSG. Appendices contain the inventory levels

for aircraft and weapons, the JSG formulation of Mixma.ster and the investigated

modifications.
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II. LITERATURE REVIEW

2.1 Trntroduction

The literature review focuses on the following topics: a general overview of LP;

a developmental and informative review of TAM and information on the methodol-

ogy. The first topic gives a concise introduction to LP structure and its assumptions.

The second topic discusses TAM as an LP application for weapon allocation and pro-

curement. The suggested improvements and the Mixmaster model are reviewed. The

third topic reviews the applicability of the suggested methods.

2.2 A General Overview of LP

LP is an optimization technique which involves linear mathematical models.

The adjective linear means that all the functions in this mathematical model are

required to be linear. Hillier and Lieberman further explain programming by stating

that "the word programming refers to the planning of activities to obtain an optimal

result" [5:24].

Although the literature most frequently cites the allocation of resources to

activities, LP has a wide range of application to problems whose mathematical model

fits the very general format of LP. Simply, resources are usually limited in supply; the

objective and limited resources have linear structure. A feasible region is constructed

with respect to the "moving" objective function. This general format can be defined

as:
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min(max)Z = cx

st:Ax < b

X > 0

Hillier and Lieberman mention the implicit feature of assumptions in the model

formulation. They describe proportionality, additivity, divisibilty, and certainty as

the basic assumptions of LP. Proportionality considers the activities independently

of others. Additivity guarantees that the objective function and the constraints are

linear and exclude any interactions between variables; this eliminates cross product

terms. Divisibility allows noninteger solutions. Certainty requires all parameters to

be known constants [5:31-36].

Bazaraa et al. define several evolving stages in LP. In the first stage, problem

formulation, they emphasize a detailed study of the system, data collection and the

identification of the problem. The second stage, which involves the construction and

abstraction of the problem through a mathematical model, they caution the analysts

to make sure the model represents the problem. In the third stage, they suggest

using a proper technique to derive a solution. In the fourth stage, model testing,

includes strong insight against what-if questions (i.e., sensitivity analysis). In the

final stage, they stress that the model should aid the decision making process and

not preempt the decision maker's action [1:7-8].

2.3 A Developmental and Informative Review )f TAM

The amount of money to be spent on how many items is a paramount question

that decision makers always face. From the point of view of an Air Force decision

maker, that question becomes "how much of the Air Force procurement budget

should be spent on the many different aircraft and how much on the many different

munitions" [7:55]?
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Might, having reviewed the decisions made at the Department of Defense, im-

plies that whole categories of decisions have been described as unsuitable for the

quantitative approach. However, he makes a distinction only in one area where such

a quantitative approach has proved useful. That area is the budgeting process of the

USAF. The evidence shows that an analytical tool is being used by different compo-

nents on the Air Force staff to support decisions related to aircraft and conventional

munit~ons. The Air Force staff has been developing munitions procurement options

using quantitative analysis-mostly LP-for a number of years. Although the ini-

tial process is an important improvement in the Air Force decision making process,

Might points out the deficiency that the staff officers do not have the capability to

do sensitivity analysis. In addition, the methodology used ignores the existing muni-

tions inventory when maximizing the target value killed per dollar spent. The results

always require the procurement of new munitions for every target that is near the

top of the target value ranking. Might takes advantage of the existing analytical pro-

cess which makes the assumptions that are needed to make the objective function

linear and the constraints manageable. As the originator of TAM, he approaches

the problem in the context of a theater-level conflict to determine the impact of

budget, attrition, force structure, targeting decisions and munitions inventories on

warfighting capability in a theater scenario. [7:59]. TAM was modified with an addi-

tional decision variable and constraint in terms of basic spare parts for aircraft and

Munitions.

With the inclusion of spares supportability for sorties flown, the modified
model is capable of providing insight to the best allocation of additional
budget dollars for procurement of an aircraft, spares and munitions to
enhance the capability to destroy targets given appropriate limitations
on the resources which are of concern. [3:A-1]

Answering the conceptual questions did not solve the problem of efficiency

for TAM. Its enormous size requires substantial CPU-time in the solution phase.
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Jackson investigated advanced LP techniques which reduce TAM's CPU-time. He

also pointed out that there were redundant constraints and aggregating them based

on the requirements of the analysis would save a great deal of CPU-time [3].

In its complete form, TAM has the ability to update the constraints during the

conflict. For instance, given that on the first day of a conflict, some of the targets

were destroyed, on the second day TAM's construction takes care of restoring the

destroyed targets. Similarly, given that there are 90 aircraft available to fly on the

first day, it updates the number of aircraft avaiable for the next day by accounting

for the aircraft lost on the first day.

Capt Skip Langbehn of JSG approaches TAM by eliminating the implicit up-

dating constraints. Instead, he employs three basic constraints associated with the

total available aircraft, the total available munitions, and the total available targets,

The construction of his model assumes that the new munitions are already in the

inventory. If the solution has positive values for the new munitions, this means there

is a need to buy new munitions. Capt Langbehn runs the model for one day, and

he begins the next run with the initial solution; hence, he updates the data for each

run for each day of conflict. As an example, the scenario starts with 60 targets; at

the end of the day the model shows destruction of 30 targets. By accounting for

the restored targets-it is assumed that the enemy is rebuilding a percentage of the

destroyed targets-he starts with 40 available targets on the next day assuming that

the enemy rebuilt 10 of the previousely destroyed targets. This approach does not

affect the numbtr of variables, but decreases the number of constraints and thus can

reduce CPU-time to solve the model [4].

2.4 Applicability of the Research

The first method presented in Chapter III deals with algebraic forms for indi-

vidual and combined costs. The second method employed is a Goal Programming

approach. Goal programming is an extension of linear or nonlinear programming,
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whose formulation allows to include suffipe goals oe" o bject- pWrog uning

enhances the flexibility of lin-ar praeg nining forn.ulation 6r al"oing tin isncI g

of conflicting goals while still providing lte decision nia. with an optioal Ied of

achievements for the hig.,h priority goals [G:249j. A case study by sthneid-rans and

Markland on estimating start-up resource utilization in a newilv forned company is

worth examining. Scneiderjans and Markland use goai programming combined rith

input output analysis to solve a multistage, multiproduct production planning prob-
lem. The solutions obtained from using tie goal programming mod.4s provide the

finished product production levels for each quarter of the start-up year Therefore.

Scneiderjans and Markland identify excessive inventory levels and future imnitory

shortages in materials and supplies for planning the start-up year's production op-

erations. Their modeling process is executed on a quarter-by-quarter basis over a

one-year time horizon because the production line differs each quarter [9:101-1091.

After analyzing this particular case study, a similar multistage, multiproduct

approach for a situation where sorties-combinations of aircraft, munition, target,

time, distance band and weather- are to be flown to achieve more than one objective

suggests modification of Mixmaster's current construction with Goal Programming.
In formulating the goal program. an equally weighted liiear programming approach

is pursued [6:2,19-282].

Also, work done by Sivazlian has inspired the research in terms of focusing on

the sortie modeling concept. Sivazlian developed a methodology for mathematically

modeling an aircraft sortie regarding its stochastic features. In this sortie modeling

mcthod, Sivazlian starts with two major assumptions:

I. Once an aircraft reaches encmy territory, the time to search, find and acquire

a target has a negative exponential distribution with parameter p.

2. The occurrence of enemy threats against the aircraft. is a Poisson process with

parametcr A.
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Thm~. Sh7izcca tkwfops the Lznduhcter-type equat ion to Attermiace t'armi iiiea-

Suc5of cffetiwcne3s5 11O:271-13781. Ica thne Probalilnsltc appimacl to deltcrioite

requnim coal ccneiints for this study, the same assuaspt is aind Laiichc!51er-type

ev'.uatioa ae emnpkyd-

2).5 Coacision

LP with its four basic assumplions-divisibility, additi vity. proportional ity and

certainty-hias an objective to opt~iie. subject to a set of constraints. Iii a math-

einat ical sense, lite const raints forn a feasible region. and a he objective is achieved

at one of the cornter points of that feasib~le region- Although LP has a wride varietv

of applications, only an informnative discussion of TANI and somec specific sugg-

tions were higligh-lted as wit hinl thle Scope of this particular research. Therefore,

a %aluable insight is obtained by presenting the applications implemented by tile

researchers cited above. Also, the case study of Schiieiderjans and Markiand em-

ploying the Coal Prog,,rammingr approach encourages research in this direction- Thle

sortie effectiveness model that Sivazlian developed grives a promising dirc. ion for

modifications as well. Tile research and analysis effort is (devoted to modifying the

aggregated version of TA-M discussed by Capt Langbehin. Tile very same- assump-

tions, structural reasoning-in terms of equations-and the theater level conflict

that. ight dliscuises are the foundations of this researchi.
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IL METHODOLOGY

3.! h Idrvdir~eio~n

Tie JSG Mixinaster model makes the following assumptions:

" The wyar will be fought by "'blue7 aircraft against -red" ground targets. Air-

to-air combat is not modeled

" -Red" does not attack "blue except to defend thcir targets. This will cause

attrition which the model incorporates

" The basic model is linear

Given these assumptions, the first topic of this chapter discusses the design

of the investigation and introduces the software which are used in the research; the

current configuration of the model; and the model configuration with the appropriate

const raints in terms of air operations. In other words, the baseline model with which

the study implements all modifications is introduced. The second topic introduces

the mission plan concept that is used, The third topic describes the data collec-

tion procedure anti data base of the research. The next. topic presents the model

modifications under the following areas:

I. Simple cost employment in the objective function

" including the cost. of aircraft

" Including the cost, of munitions

" Including the cost of sortie gencration

" Including the costs of both aircraft and intnitions

" lncl(ling the costs of both aircraft an(i sortie generation

" Including the costs of both iunitions anl sortie generat, ion
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* Including the costs of aircraft, munitions and sortie generation

2. Goal programming approach

3. Probabilistic approach to determine the objective function cost coefficients

4-. Goal programming version of the probabilistic approach

The last topic discusses two case studies implemented using the suggested modifi

cations. The topics and the suggested modifications are presented with details ill

subsequent sections.

3.2 Design of the Investigation

3.2.1 ine Length of the Campaign. In JSG analyses, the actual time dura-

tion issue is handled as the campaign requirements dictate. With the given scenario,

if all the targets are destroyed and the objective function level achieved is satis-

factory, the campaign is assumed to be over. However, this investigation employs

only the first time interval of the given campaign scenario. Whether the campaign

is or is not successful, all implementations cf the modifications that are suggested

in the subsequent sections are tested in only one time interval. The procurement

decision issue is discussed based on results of the first. time interval. In actuality, the

campaign may last longer than expected. The JSG analysts then do successive runs

with updated resource values to determine the need for new resources.

.3.2.2 Software. This study used the General Algebraic Modeling System

(GAMS) to pursue the analyses. GAMS was chosen because the study requires

conciscness of expression and generality and portaility of the solution methods.

Also, GAMS enables the tracking of many of the programming (letailb. In addition,

the coinmercial version of CAMS, consisting of ZOOM and MINOS solvers, was suf-

ficient, for the task of investigating modifications within the scope of the( study [2]

[81.
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3.2.3 Currut Construction of Mixmaster. Mixmaster is a fairly aggregated

version of TAM. The model has three basic constraints. These constraints are the

aircraft availability constraint; the weapon availability constraint; and the target

availability constraint. The objective function is to maximize Target Value De-

stroyed. The decision variable X,,,kdf,,, represents Number of Sorties Flown by each

combination of aircraft a loaded with weapon m against target k in distance band d

at time t and subject to weather condition w:

maxTVD = E E E E E Xaikd twEXKILam.nkdwTGTVALkd
a mn k d t w

subject to:
[Xam, dtw 1: KTOACa for each a

in ~ I kdti;Tamkdtwl

EE :" ZZ amkdwlPNLDam < TOWPNm for each m
a k d t W

E E- E E XarnkdtvEXKILankdt. TOTGTk- for each k, d
a 711 Il)

Lowcrbou7U1 ,,,kdf. <_ X7.,kd1 t, < Upperbouldamkdt,,,

where:

" TGTVALkd represents the target value related to the distance band

" EXKILa,kdt,. is the expected number of targets destroycd

* 'Sankdt,, is defined as the total sorties that can be flown by aircraft a loaded

with munition m against target k in distance band d at time t and in weather

condition w, calculated as:

1 - (1 - ATTRITa.kdtw)SRNDI Y s '

ATTRITamIIkdt.

" SIR, is the sortie rate for an aircraft
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* DAYS, is the duration of the mission

* ATTRIT,,,kdt1, is the attrition to whichever combination of aircraft a loaded

with munition ?n against target k in distance band d at -ime t and in weather

condition w is subjected

" TOAG0 is the total available aircraft at time t

" TOWPN,,, is the total available weapons

" W7PNLD,, is the number of weapons that an aircraft call carry

" TOTGTLd is defined as the total number of targets in each distance band

Even though Mixinaster does not use another variable identifying which aircraft or

weapons shuld be procured for the success of the mission, it does enable JSG to

answer procurement questions. To do that, the JSG analysts relax the aircraft and

munitions constraints by assuming that the aircraft and munitions constraints are

not binding. After running the model, the JSG analysts compare the levels of use of

those rclaxed constraints with TAC's inventory level. The difference between TAC's

inventoiy level and the levels of use of the aircraft shows the aircraft or weapons

that need to be procured. For instance, if the solution shows that 100 F-16 aircraft

are to be used to maximize 7'rget Value Dcslroyed and there are 90 F-16 aircraft

in TAC's inventory, then this solution implies that TAC needs to buy 10 additional

PI- 16 aircraft.

3.2.4 Consistcncy with Air Operations. Decision makers expect Mixmaster

to give operationally sound and consisitent answers to procurement questions. So far

M ixinaster has provided quick answers; neverthcless, questions about its reliability

arise because of the inconsistency between the results and operational needs. The

model can allocate any type of aircraft munition combination to any target in enemy

territory. This behavior of the model may not be consistent with the air operation

plans.
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The model must include an additional constraint which parallels the planned

operation. The operation planners have to describe their mission and help define the

additional constraint for Mixmaster. The requirements of a particular mission plan

determine the additional constraint. Regarding the characteristics of an aircraft type,

the planner determines an upper bound for the number of aircraft to be assigned in

a specific part of enemy territory. The aircraft target correspondence is also a major

targeting principle to consider. Planners disagree with the results when an A-10

equivalent type of aircraft is allocated to an enemy air base target deep in enemy

territory.

3.2.5 Scenario. For the research, the scope is limited to maintain a manage-

able number of variables. As such, the scenario employs four types of aircraft, five

types of weapons, four types of targets, three distance bands, one time period and

two weather conditions. The weapon types are assumed to be notional types varying

in efficiency of destruction.

A scenario is generated assuming similar aircraft capabilities as follows: aircraft

type 1 resembles the F-15; aircraft type 2 matches the F-16; aircraft type 3 matches

the F-1ll; and aircraft type 4 resembles the A-10 aircraft. Target type 1 represents

enemy air bases and radar units; target type 2 represents enemy SAM batteries;

target type 3 represents supply depots and logistics units and target type 4 represents

enemy tank units. The weapons are also classified for both aircraft and target types.

Aircraft type I can use all weapon types and can be allocated to all target types.

Aircraft type 2 can use all weapon types and can be allocated to all target types.

Similarly, aircraft type 3 can use all weapon types and can be allocated to all target

types. Also aircraft type 4 can use all weapon types and it can be allocated to all

target types.

Furthermore, the study assumed that the mission planners determined an allo-

cation plan. This plan is represented by the leading constraint of the baseline model
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and is included in Mixmaster's construction to implement the modifications. The

leading constraint co icept, as explained in the following section, leads the model's

allocation process by limiting the sortie amounts that are to be flown by each aircraft,

against a particular target type in a particular distance band.

3.2.6 Consistent Configuration. Given the main features of the scenario, the

model has to satisfy the following modified constraints:

E Z Y,.mkdt. < ATDkdTSORTAC for each a, k, d
m t t

where ATDakd is ,he predetermined sortie percentage of aircraft type a against target

type k in distance band d and TSORTAC, is the total number of sorties that an

aircraft type can fly. The total sorties that an aircraft can fly is computed by:

TSORTAC, = Z Z Z 1 E TSamkdtw
m k d t w

for each aircraft type a. The desired consistency is achieved by leading the model

parallel to a predetermined mission plan. The planners targeting principle limits the

number of aircraft allocated to a specific type of target. For example, at most 70%

of the total sorties that the A-10 type of aircraft can fly are designated to enemy

tanks in the first distance band of the enemy territory. Hence, the upper value of

the A-10 mission against tanks in distance band 1 becomes ATDA-10,TANKS,DIST-I

T1lSORTACA 10 = 0.70 TSORTAC._ 10 . Accordingly, remaining allocations must

satisty the limits on the number of aircraft assigned to a particular target in a

parti:,lar distance band as well. This percentage should be provided by the mission

planner.
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3.3 Mission Plan

The mission plan should be determined in terms of the maximum percentage of

sorties that may be flown by each aircraft for every target type in a particular distance

band. The percentages to be allocated to target types represent the missions such

as airbase attack, SAM suppression, logistic suppression-attacking supply depots,

railroads, silos-and close air support (CAS). For this study, the mission percentages

were determined by the researcher. This plan represented by the percentages is not

inviolate. The evaluation of the marginal values obtained from the results may

change the percentages as long as their contributions to the objective are significant.

This characteristic will help determine whether the mission is planned successfully

or not.

3.4 Data Collection

3.4.1 Expected Kill and Attrition Data. Mixmaster's data base is supported

by two other models. The first one is the Joint Munitions Effectiveness Model

(JMEM). The second one is SABSEL. This model evolved from SABR and SELEC-

TOR, computer models which are no longer supported. The user provides aircraft

type, flight profile, target type and weapons load; then JMEM produces expected

kills for that particular combination. Similarly, SABSEL produces the attrition rate

for each of the combinations given the following inputs: aircraft type, munitions,

flight profile, distance, threat in the terminal area, threat on ingress, threat on

egress, and delivery profile.

The data base used in the research is independent of the JMEM and SABSEL

models. Instead, the research generates notional data for expected kills and attrition

by using a flexible random number generator. The random number generator written

by Capt Langbehn of JSG is preferred because the program puts the generated data

in a format similar to that of a GAMS input file [2].
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3.5 Simple Cost Employment in the Objective Function

3.5.1 Including the Cost of Aircraft. This particular approach simply aver-

ages the current objective function- Target Value Destroyed-in terms of the replace-

ment cost of an aircraft and the attrition rate. Hence, the measure of effectiveness

for Mixmaster becomes Target Value Destroyed per Dollar Risked for an Aircraft:

: z: : z: : 1: [X amkdtwEXKlLamkdtwTGTVALkd
a m k d t w ACCOSTATTRITakdtw I

where ACCOSTa is the cost of aircraft a. In this case the objective function is

sensitive only to the aircraft costs and the attrition rates.

3.5.2 Including the Cost of Munitions. Similarly, the costs of munitions are

in a product form involving the number of munitions launched during the sortie.

The objective function employs that product by modifying Target Value Destroyed

as Target Value Destroyed per Dollar Spent for Munitions:

z : : E I: [X nkdtwEX KILm,,kdtTGTVALkd

a mt k d t uCOSTA/I , 1 'VP NLDa,,

where COSTM, is the cost of weapon m. In this case, the objective function is

sensitive to the munition cost and the amount of munition to be used; the cost of

the aircraft flown to launch that munition is disregarded.

3.5.3 Including the Cost of Sortie Generation. The cost of sortie generation

is more complicated thau the other costs. Actually, the cost of generating one sortie

is the sum of the cost of operating an aircraft for the duration of a sortie, the

cost associated with the probable loss of that aircraft, and the cost associated with

munitions used for that particular sortie. However, JSG uses the constant costs

generated for the Munitions Roadmap Working Group. JSG assumes that each

sortie, regardless of the duration of the flight, costs nearly the same, and thus can be

treated as a constant cost. Then, the cost of sortie generation becomes the divisor of
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Target Value Destroyed and the meaning is changed to Target Value Destroyed per

Dollar Spent for a Generated Sortie:

E E E E 1 [ XmkdtwEXKILamkdtwTGTVALkd]

a mk d t w SOSTa

where SCOST is the constant sortie cost for aircraft type a.

3.5.4 Including the Costs of both Aircraft and Munitions. This particular ap-

proach accounts for both the aircraft cost associated with attrition ai~d the munition

cost by combining them in the denominator of the objective function:

X[ X amkdtwEXKILkdtwTGTVAL,,d"Y (I mL + COSTM .. WP L,,7

anl is interpreted as Thrget Value Destroyed per Dollar Risked for an Aircraft and

Dollar Spent for Munitions.

3.5.5 Including the Costs of both Aircraft and Sortie Generation. The as-

sumption which JSG makes about the sortie generation cost excludes the cost of

attrited aircraft. But, with this particular combination of aircraft and sortie genera-

tion costs, the chance that an aircraft can be lost is included. Therefore, accounting

for the cost of a sortie not only by flying the aircraft, but also by partially losing it

makes more sense in combat circumstances; thus

a III k d t . TATTRITnkdtw + SCOShJ

The costs are combined in the denominator of the objective function as Target Value

Destroyed per Risked Dollar for an Aircraft and Dollar spent for a Sortie.
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3.5.6 Including the Costs of both Munitions and Sortie Generation. This ap-

proach omits the aircraft cost. The imbedded assumption is that the aircraft survives:

z z z z z[ XamkdtwEXKILamkdtwTGTVALkd]
a m k di tw OT mPL,, +S SJ

The costs of munitions and sortie generation serve as the denominator modifying

the objective function as Target Value Destroyed per Dollar Spent for a Sortie and

Munitions.

3.5.7 Including the Costs of Aircraft, Munitions and Sortie Generation. In-

tuitively, among the simple cost employment approaches, including all costs is the

approach that makes most sense because this method accounts for all expenses as-

sociated with one mission. The summed cost is the denominator that translates as

the total cost of one mission flown by aircraft type a loaded with weapon n against

target k in distance band d at time t and in weather condition iv.

z z z [ XakdtwEXKILa,kdtwTGTVALkd]
(I fit k d t w 'ISCOSL,?kitv

where the mission cost is

Al ISCOS'T,,mdtW = /CCOS7,,ATRIa,,kdt,,+ COS'I ..V WPNLD,,,,, + SCOST,.

Hence, the objective function becomes Target Value Destropcd per Dollar Spent for

Missions.

3.6 Goal Programining Approach

This particular approach allows incorporation and consideration of multiple

objectives or goals within an L1 framework. Mixmaster is modified consistently

by the inclusion of more than one objective. While the initial decision variables

remain the same, this approach requires the definition of additional variables which
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represent the deviations from the objectives. The decision maker's preferences specify

the priorities of the newly defined objectives or goals. The research suggests the

following goals:

1. Achieve a certain level of target value destroyed per dollar spent for a mission

2. Achieve at least 80% sortie success

3. Avoid overutilization of available aircraft

4. Avoid overutilization of available munitions

5. Kill as many targets as possible

Having specified the goals, the objective function is to minimize the sum of the

deviations from the goals. The decision variables that are employed in the objective

function are the negative deviate from the constraint of Target Value Destroyed per

Dollar, the positive deviate from the aircraft constraint; the positive deviate from

the sortie success constraint; the positive deviate from the munition constraint and

the negative deviate from the target constraint.

In the Target Value Destroyed per Dollar goal, only the negative deviate is

employed because there cannot be an overachivement for this goal given that there

is a limited number of targets. The objective function seeks to minimize the negative

deviate. Achieving at least 80% sortie success is equivalent to at most 20% of the

sorties failing. So the objective function seeks to minimize the positive deviate from

the 20% failure goal. For the aircraft availability goal, the objective seeks to minimize

the positive deviate and avoid the overutilization so that the model should use the

current inventory. The weapon availability goal is similar to the aircraft availability

goal. In the target goal, only the negative deviate is employed because it is not

possible to destroy more than the existing number of targets. The objective function

seeks to minimize the underachievement of this goal so as to kill as many targets as

possible. Consequently, the solver seeks the values of deviates which minimize their

3-11



sum by allocating the sorties flown by aircraft a loaded with munition m against

target k in distance band d at time t in weather condition w-and satisfying the

associated constraints simultaneously.

The suggested goal programming construction of Mixmaster is:

minZ = d- +Zdloss+ +Ed + +Ed+ +Ed-d

a a m kd

subject to:

E1: E E [Xakdt.EXKILankdt.TGTVALkd] + di = TVD/$
k d t MISCOSTamkdtIw

E Z Z E XakdtwATTRITamkdt-dloss++dloss- = 0.20TOACa for each a
mk d t w

zzzzz ,mkdtw , d+ + d- = TOACa for each a
"I k d t wTaktv

E S S XamkdtwWPNLDam - d+ + d- = TOWPNm for each m
a k d t w

E E1S S Xa,,ikdtwEXlILa nkdtw + dkd = TOTGd for each k, d
a M t tW

E E E Xamkdtw ATDkdTSORTACa for each a, k, d
In t W

d+ ACCOST + E 5lCOSTM,, < BUDGET
a In

Axakdtwd-,dloss+,dlossadd, d+ , d;, d- > 0

where di is the negative deviate from the Target Value Destroyed Per Dollar goal;

dloss + and dloss- are the positive and negative deviates from the sortie success

goal; d+ and d- are the positive and negative deviates from the aircraft goal; d+

and d- are the positive and negative deviates from the waepon goal; and d-d are the

negative deviates from the target goal. Consequently, the deviates d+ and d+ can

also be defined as the procurement variables.
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The positive dcviatcs shtow mccaievemvnt and the ne tire &Iats sow

ujiderach-CCiC-eIet Of goa If pintne.te siir seito[on fthc anounimso

constraint appears in the solution with, a ~Imsivemvahe. it iseass there are ilzufficienti
munitions in the inventory givent that all th e other ro-sar eaeild Sinc the

current inventory would not have the reqluired aiaount oftunitins? it would inidicate

the need to procure new inunitionls.

As a paramount feature, 'lie goal programming moel emlysteudt

constraint in thle configurto.~'t rvosysgttdnoiia is canno
guraio- T he procuremnti deisiondependtis oni vol

einploy the b~udget figure directly sincetiepoumntdcsneedsonoe

additional computations- Hlowever, the goal programmning model antswers tile pro-

curement. needs by employing t lie procurement v-ariables. As such. t lie procuremient

variables and their inherent costs can be exnp!oyed in a budgci constraina. Hlence.

the procurement cost and the budget restriction can be accomodated in tme goal

programming approach alleviating the need for further computations.

The priority issue of the goals is considered flexible depending on the decision

maker's preference. The research evaluates the goals by gin tg them thle same prior-

itv. However. reasonably. different points of viewvs mnan assess different ranks for the

goals. The higher the assessed importance. the higher the p~riority will be-

3.7 Probabilistic Alpproach to !)clerininc Ihc Cost Coeffiicidns

3.7.1 Modelinglhc Sornic. The simplicity of Mixinaster comes from its linear

consi ruc in. I lowever, the dynamics of combat in real conflicts are mostly nonlinear.

Thle tline duration for a sortile, the number of weapons to be laumnchedl. andl the threat

of the enemny are the nonlinear (lynamic-s that Mixmnaster Ireats as a set of linear

constraints. Consequently, there exists a trade-off between simp~licity and so-called

reSolittion, whlich Is thle ab~ility to repre-sent, real comblat. situations. In the real-Ilfe

cost evaluation, time is an imp~ortant (Iriving factor. Thie cost, of a sortie is (lircct-ly

p~roport ional to thle duration of a sortie. Thie longer fihe aircraft is in enemy territory.



the orne it is subjoded to attili*-B. 'lfoe z tswiic approach is d4veloped to

captum t- tire d-penwdia drir-res in .lixonaser sus as tie sortie cost, expeced

kills, and aftritim. Thenmtehod has the -ame kDical construction as that of Si;'zliln

110:127-ii11; but, sonte modificatioms vrere irecessar" in order to appir a stochastic

approzc to a linear constructio'n.

Siazliadns method delenniiws %arious measurcs of effectiveness for onlv one

aircraft.- However. Mixmaster executes the scenario with hundreds of aircraft- In
Mixinaster the aircraft may select any one of lhe targets depeding on the contribu-

tion of that target to the objective function, In practice, for each aircraft loaded with

nunitions. there is a possibility of attacking every target- Nonetheless. 1 picks the

combination of aircraft- mun:tions, target. distance band. time and weather with the

greatest contribution.

3.P Standard Operation Procedures and Assumplions. Standard operation

procedures must be explained for the air operation of this study before discussing

the assumptions. To acquire and attack a target: a fighter aircraft loaded with

either classical or smart weapons flies at -100 nautical miles per hour while in enemy

territory- After attacking the target. the aircraft should egress as soon as possible.

The aircraft used for close air support missions against enemy tanks flies at 300

nautical miles per hour. The time to acquire a target depends on the speed at

which the aircraft flies and on the distance between the target and the point where

the aircraft entered enemy territory. Given the standard procedures. th ie method

assumes the following:

1. The time in which an aircraft acquires a target has a negative exponential

distribution with parameter ya.

2. The occurrence of the enemy threat is a Poisson process wit h parameter \.

The first. assumption implies that once a type of aircraft. enters enemy territory at.

ime I. there are one or more targets to acquire. Since the target~s are located at

3-1,



different distances, tle time to acquire one can be different from tile time to acquire

another. Trhese indepn.ident time durations are assumed to be random variables

coming fro;ml a negafive eXpo-Ctial distributon with parameter p. Thus the average

time to acquire a target is lI/. The attack time is assumed to be included in

the target acquisition time. The probability that the target is acquired and hence

attacked it Ite time interval (I. I + dl) is pdl. The probability that a target is killed

once attacked is Pk

The second assumption implies that once a type of aircraft enters enemny ter-

ritory it is subjecled to an enemy threat with a frequency of A. The enemy threat is

assumed to be independent of the targets. Therefore, the probability that an aircraft

encounters a threat in time interval (1, + dl) is Adt. Also. the probability that the

aircraft is killed once it encounters an enemy threat is Pa.

The duration of t he sortie starts upon entering enemy territory and ends upon

leaving enemy territory. Moreover, an aircraft is assumed to be combat ready once

it leaves the base.

37.3 The Model Given the assumptions, the sortie can be modeled as a two

dimensional Markov chain which has four states in terms of its parameters. P(i,j, t)

where i = 0 for the target that is killed; i = 1 for the target that is not killed and

j = 0 for the aircraft that is killed: j = 1 for the aircraft that is not killed. The

initial conditions for this model when 1 = 0, are as follow:

P(I, 1.0) = lb0: P(1,0,0) = 1 - [0

I(, 1,0) = 0; P(0,0, 0)=0

where 110 is a value of the initial probalbilit.y; P(1, 1,0) is the probability that. tihe

aircraft and the target survive; P(1,0,0) is the probability that the target survives,

b,t lhe aircraft, is killed; P(0, 1, 0) is the probability that the target is killed, but, the
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aircraft survives; and P(O0 O) is the probability that both the target and aircraft

aie killed at I = 0 and i represents the duration of the sortie

Since the aircraft is assumed to be combat ready once It leaves its base, the

'niial condition becomes P(1. 1, 0) = 1. To compute these prob~abilities related to

time t, the Lancliester-type equations are set up and solved. For example. P(1, 1, 1 +

tdl) can be obtained by solving

±P(1. 1~)(1 - Adt)1idL(1 - Pk)

+P(1, 1I )Ad(1 - Pa)(l - 1idt)

+ P(1. 1. t)Adt,(l - Pa) jidt(] - Pk)

+ o(dL)

where o(dt) represents higher order probabilities that can hbe omitted.

The results obtained by solving the rest of the equations are:

Po'l,,t) = - a+t

p(l.O0,t) = '~(I
a +

P(0, 1,1) = C-'0- C- t

P(0, 0 = I - - (1I

where n = ANa and ~3=jtk. In the subsequent sections, the probabilities related

to a sortie are computed using these result's [10: 129-1311.

3.714 Probability of Sortic Succcss. This study assuincs that, if the aircraft

is not, killed ainh the target, is killedi, th~en thec sortie is a successful sortie. Tne
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probability of sortie succes is

P(O, 1. t) = e- (1 - Cot

3. 7.5 Probability of Sortit Failure., This probability can be computed in dif-

ferent watys. The loss of an aircraft can be considered as a failure of the sortie;

however, this study considers this failure by the case where the target is not killed.

Thus, the probability that the target is not killed with or without an aircraft loss

implies the probability of sortie failure and it is computed as

P(1, 1,t) + P(1,0, t) =- +a" + f9 +  p-a3t

3.7.6 Probability that the aircraft is killed. This can be computed as the sum

of thc probabilities whose aircraft parameters are zero:

PACKIL = P(1,0, t) + P(O,0, t) = 1 - e ' .

3..7.! Probability That the Taget Is Killed. This probability is the sum of

the probabilities whosc target parameters are zero:

PTGTKIL = P(0,1,t) - P(O,O,t) = [1-
a +/3

3.7.8 E'xpecicd Number of Targcts Killed. Sivazlian (lefines N(t) as the nIm-

ber of targets killcd at time t. Then the expected number of targets killed is:

?I= I

ElTGTIhL = E nP[N(t) = 72]
?1=0

= P(O, 1, i) + P(O, O, t)
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3.7.9 Expected Number of Attacks on the Targets. The construction of Mix-

master assumes that once the aircraft. attacks a target, it releases all the weapons

that it carries in a single pass. For this approach, this study assumes that the target

is attacked only once corresponding to one pass over the target. Therefore the prob-

ability that a target is attacked in the interval (0, t) is equivalent to the expected

number of attacks.

Consequently, the probability that the target is attacked on or before time t

is the product of the probability that the aircraft is not killed on or before time x

where x < t, and the probability that the target is acquired in the interval (x, x + dx)

[10:132], given by

EXATTACK = e ' ie"jdx - [1 - (+)t].
10 a + 11

3.7.10 Expected Duration of the Sortie. The expected duration of the sortie is

limited by the expected time at which the aircraft is killed (i.e., 1/a). The probability

that the aircraft is killed in (x, x + dx) is

A -p, • e-,dx.

Therefore, the duration of the sortie D(t) becomes:

O(t) = X, O x t

t7 t< x<0.

Given D(t), the expected duration of the sortie is

E[D(t)] = x ae- dx + j ta e'-dx

= -re- t - I(eat - ) + te - O
a

= -1 8
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where (1 - e- t ) is the probability that the aircraft is killed once it encounters an

enemy threat [10:132].

3.7.11 Expected Cost of the Sortie. To compute the expected cost of the

sortie, Sivazlian defines four different costs associated with one sortie. They are:

1. The fixed cost realized every time an aircraft gets ready for flight. This cost is

similar to the previously defined sortie cost, SCOSTa.

2. The expected cost associated with the duration of the sortie. Reasonably, the

longer the aircraft is airborne, the more fuel it consumes.

3. The expected cost of an aircraft. This cost is similar to the previously de-

fined aircraft cost, ACCOSTaATTRITankdt,; however, in the probabilistic

approach, it does not have the time dimension.

4. The expected cost of munitions used. This cost is equal to the cost of munitions

used per attack times the expected number of attacks. It is somewhat similar

to the previously defined cost of ammunitions, COSTVIrnWPNLDarn.

The sum of these expected costs is the expected cost of the sortie. The fixed cost

of the sortie is described with FIXCOST. The expected cost associated with the

duration of the sortie is SCo(1 - e- t) where SCo is the cost per unit length of

time of the sortie [10:134]. The expected cost of the probable loss of an aircraft is

ACCOST(1 - e - t) where again (I - e") is the probability that the aircraft is

killed once it encounters an enemy threat [10:134]. The expected cost of munitions

used is

COSTMnW+'PNLDn I [1 - - (  +" )t]

a + it

which translates as the expected number of attacks or passes times the weapon load

times the weapon cost. This particular cost formula was modified to incorporate

the weapon load. Therefore, it differs from Sivazlian's equation. Consequently, the
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expected cost of the sortie E[S(t)] with the addition of a constant cost K is the sum

of all the costs [10:1341:

ESCOST = E[S(T)]

= K + SCo(1 - e- t ) + ACCOST(1 - Cat )

+ COSTM,,mWPNLDam a [1 -

.3.7.12 Parameter Modification. The time spent in enemy territory is easy

to incorporate into Mixmaster. The study assumes that the time duration t for an

aircraft in enemy territory is related to the distance band value of that territory

and the speed of the aircraft. For instance, the average time duration takd in each

distance band is computed by

DEPT!JIkd
t a k d = -

ACSPEEDa

where DEPTHkd is the average distance of a target type in enemy territory associ-

ated with a distance band and ACSPEED is the average speed that the aircraft

flies to attack a target in enemy territory. The computed values of time duration

takd for each aircraft target distance-band combination are employed in the formulas

to determine the probabilities, the expected number of targets, expected number of

passes over targets and the expected costs associated with the sorties.

Furthermore, this method requires reasonable estimates of A and It for each

type of aircraft. To accommodate Mixmaster, the study evaluates the dimension of

the parameters A and/t as follows: Akd and ILakd. Hence, the parameters A and I

are dependent on aircraft type, target type and the distance band. The parameter It

is computed by defilition. As previously explained, 1/yt is the average time it takes
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the aircraft to acquire a target; thus

1

J averagetime"

The average time is computed as

takd DEPTHkd
ACSPEEDa'

so the parameter [t is defined as

__1

Itak
d -- takd

For computational purposes, the parameter A is computed by assuming that

the existence of the enemy threat when the aircraft is airborne can be expressed in

terms of the defense density. This approach computes the frequency of encountering

an enemy threat as the percentages of the frequency of acquiring targets. Therefore,

A has the same dimensions as It. The assumption is that these two processes are

independent; however, to ease computations, an aircraft encounters the enemy threat

at some percentage of the time that it acquires a target. These percentages are based

on the defensive intensity-interdiction--of the enemy. Consequently, A is computed

as

Aakd = INTkd ' Pakd

where INTkd is a percentage value that expresses the density of the enemy threat

associated with target k in distance band d.

The parameters a and ,8 are also computed using the new dimensions:

Cankdw = Aakd Paafkdw
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and

/3arnkdw = ILakdPkamkdw

where Pa is the probability that the aircraft is killed once it encounters an enemy

threat; and Pk is the probability that the target is killed once acquired.

The expected target kill values, ETGTKIL,,kdw are determined from the

formula for expected number of targets killed by using

ETGTKILa...kdw = flrnkdtv -[1 - ,- (Cva... .+fl,nkdw)t",jM]

Oamnkdw + /iamkdw

The attrition values are determined from the formula for the probability that the

aircraft is killed by using

ATTRIT ION,.kdw = PACK ILmkd. = 1 - e -amkdwtat d.

The total sorties that can be flown by an aircraft, TSa,,kdw, is computed as

TS~ I - (1 - PACKILad,,,) SRNDA'St

PACK ILakdW

The expected number of attacks is computed as:

EXATTACK,,,kw = t kd [1 --( "
aankdw + Itakd

Expected duration of the sortie is computed as:

1
EXDU?,,,nkdw " I (1 -

OCuakdw

Given all the parameters, the cost of a mission is defined by:

DURATIONCOS,,,kdw = SCOS§J, EX DUJamkdw
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WEAPONCOSTmkdw = COSTMmWPNLDamEXATTACKmkd

AIRCRAFTCOST,,,k = ACCOSTATTRITIONmkdw

and with FIXCOST the cost of the mission becomes:

TSCOSTi.kd v = FIXCOST + DURATIONCOSTmkd,

+ WEAPONCOSTamkd

+ AIRCRAFTCOSTamkdw.

3.7.13 The Modified Model. Using the previous expected costs, expected

number of attacks and the inherent probabilities the modified Mixmaster model

is:

a T $ X,,kdt ETGTIIL,,.kdwTGTVALkd]
.a k dt w TSCOS.Tm,,,t

subject to:

E E [ Xnkdttl < TOAC, for each a
M k (I t t IStn~tv

Z ZdZ Z E X,,k XA TT Ka.C..,k,dwiVPNLD,,,, < TOWPN. for each n2
a k d t w

1_ z: z z a,,,kttvETGT I I,,kdtv < TOTGTk-d for each k, d
a tit t IV

Z Z XAainkdt, <.TDAkdTSORTACa for each a, k, d
Ill t I 4

Xa,dt, > 0.

3.8 Goal Prograinonig Version of the Probabilistic Approach

The modification of Mixinaster is done on the basis of dimensions. Having

different dimensions did not affect the model's construction. Therefore, a similar

approach can be implemented to convert the probabilistic modification into another
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Goal Program. The basic concept of deviations from the goals applies to this model

as well. The previously defined goals are used as is. However, the dimensions of

some parameters had to be changed. The goal programming version of the model is:

min Z = d- + Z: dloss + + E d+ + E d+ + : d-d

a a m kd

subject to:

SmkdtwETGTILankdt---G7-VALk- + di = TVD/$
a m k d t In lTS OSTankd wj

X,,,,kdtAT TRIT,,mkd,-dloss, +dloss- = 0.20TOA, for each a
m k ci t tu

5 5~.ainkdtw] d+ + d- = TOACa for each a
k d tw 8 amkdtw

55 - 5 XamkdtwEXATTACKa ,kdwWPNLDa,-d + +d,- = 7'OWPN, for each m
a k d t w

S S S 5 XankdwETGTKIL",,kdt, + d-, = TOTGTY'.d for each k, d
a ni t t

E '--S kdtu, -< ATDakdTSOIJAQC, for each a, k, d
a t wt

51tCCOST, + Ed+ COSTi'I,,, < BUDGET
aM

A'ankttt, ~, l1OS~ (lOSa , d(1., d+, d-n, d-k > 0.X,,,,kttiv, d- , dloss+ , dloss-, II "I+ dkd,, dS, d -, O

3.9 Case Studies

TO gain more insight on the model, the reserach includes two case studies.

These cases are run for the last simple cost employment which includes the costs of

aircraft, munitions and sortie generation, the goal programming approach, the prob-

abilistic approach and the goal programming version of the probabilistic approach

that were explained in the previous sections.
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3.9.1 Mission Plan of Case 1. Case 1 is generated by the researcher. It

includes different mission percentages than the baseline mission plan., In case 1,

aircraft types are allocated missionwise. That is, each aircraft is supposed to fly

only a specific type of mission. Aircraft type 1 is dedicated to SAM suppression;

aircraft type 2 will fly logistic suppression and CAS. Aircraft type 3 is dedicated to

airbase attack. Finally, aircraft type 4 is planned to be used for CAS in the first

distance band.

3.9.2 Mission Plan of Case 2, In case 2, the planning is done with respect

to the distance bands. The second mission plan employs all types of aircraft for all

the missions. However, each aircraft is supposed to fly only in a specific distance

band. Aircraft type I is planned to fly all the missions in the second distance band.

Aircraft type 2 is planned to fly all the missions except CAS in the first distance

band. The plan dictates aircraft type 3 fly only in the third distance band. Finally,

the plan dedicates aircraft type 4 to fly SAM suppression, logistic suppression and

CAS in the first distance band.

3.10 Summary

The research presents four basic modifications: the simple cost employment

methods, th(- goal programming model, th, probabilistic method to determine cost

coefficients, and the goal programming version of the probabilistic method. Prior

to implementing the suggested modifications, the research examines the Mixmaster

model and presents a discussion of the marginal values in terms of the procurement

decision. Then, the first simple cost employment method is executed with Mix-

master. Following a discussion about the baseline model, all the modifications are

implemented with the study's baseline model. In addition, two case studies are run

to observe the behavior of the model with modifications. These case studies are

used as two different mission plans with which the model will be led to investigate

behavioral consistency. The results and all the numerical details are condensed and
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presented in the fourth and fifth chapters. The summary of the implementations is

illustrated in Figure 3.1,
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IV. SOLUTIONS A ND RESULTS

l"is at pper prt-sents lte resulls obtaled from the impkin ttatronsof tihe sugo

+-st-d imodific iio-s. All modificalions were implerented wih lithe same campaign

scenaro. The simple cofft inclusioi s n heods and the goal programming approach

employed xfe ,ery _ame expected kiIf and ai r.on values: iwhereas. the probal,ilistic

appro ch to detemnmne cost coefficiems in t he object ie flunc, ion employed nearli t he

sa-ne exp-cted kill and att riion values.

The procurement decisions had |,cen determincd i- running tire model as if

the aircraft and weapons resources were unlimited and then substracting the current

aircraft and weapons inventories from tihe values produced by Mixmaster. If the

difference was positive. then it implied that there was a need for new resources.

If the difference was negative or zero. then it implied that the current aircraft and

weapons inventories were adequate to supply the needs in the hypothetical campaign.

With the excep~tion of the goal programining models. this research uses the

.ame simile method to determine the need for procurement decisions in all the

modificat lions. However. assuming that aircraft and weapons resources are abundant

is not adecquate to implement the model because Mixmaster produced different sortie

allocat ion. when t he aircraft anI weapons res-ourcw levels were large but varied from

each other, and when the resource levels were the same large values. That is. Mix-

ma.str's sortie allocations wit h the right-hand-sid(t values of 1.600.000 and 2.200.000

for aircraft Iypes I and 2. respct ivel 30.00.000 and 10.000.000 for weapon types

I and "2. res)ectively. t irned out to be different. than the sortie allo at ions with tlhe

right hanld-side values of 5.000.000 aircraft for al! types aind 50.000,000 weapons for

-ll types.
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'lhe dif erenc- in lite allocation jnrocess w asconsidered significanit because if the

rigt-hand-Sid- rabies are to be taken as large numbers. they should Iv all equal to

lead the CAMS software unibiasedly; hence. LP selects the variables entering and/or

leaving lite basis based on their contributions, which are. in fact, expected kill and

target value coefficients.

Figure 4-1 presents a flow chart of lite models discussed in this chapter- In the

IOrigi-al I

Master I I

(With the Current Inventory Levels) (Without the Leading Constraint)

(SIMPLE COST EMPLOYMENT MTI[ODS)

mod-i mod-2mod-3 mod-4 mod-5 r od-6 ro i

Case-cIsg-a

_____- goa

case-2 case-2

Vigure .1. 1. Flow Chart, of Chapter IV
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subsequent sections, the results of Mixmaster without any modification are presented

so as to interpret the marginal values. Secondly, the study looks at the first cost

modification in the original construction and in the baseline model-with and with-

out the leading constraint-subject to the same very large right-hand-side values.

The results were compared to see how the leading constraint in the baseline model

leads the solution. Then the simple cost employment in the objective function, which

was previously defined as the inclusion of the cost of aircraft, weapons, sorties and

their combinations, were implemented in the baseline model.

As far as the research is concerned, the leading constraint, campaign scenario

and mission plan are equivalent concepts. To determine a logical and common basis

for discussion of the results, the same leading constraint right-hand-side values were

used in the succesive modifications. Table -1.1 presents the mission percentages in

terms of the maximum sortie number that is allowed for each type of target.

The same campaign scenario was used in the goal programming approach. This

method turned out to be very sensitive, since the construction had the same priority

for each goal. However, the goal programming results are consistent in aircraft usage

with the last simple cost modification.

The probabilistic approach to determine the cost coefficients in the objective

function produced very conservative results because the time issue was involved

in the computations. The results were somewhat different from those of previous

modifications, but the source of this difference was clearly the database. Moreover,

this method has incorl)orated the thne (imension as the independent varial)le of

all the prol)al)ilities associated with costs. In addititon. to check the consistency a

similar goal programming ap)roach was applied to the probabilistic method.

Fiurthermore, the research l)resents a case where procurement varilables indi-

cate the need to procure. To develop this case, tlhe rightl-hand-side values of the

current aircraft, availability constraint were diminished tIo a considerably lower level

for each aircraft. The goal progiainning al)proach wa.s rilnl subject. to considelabl]
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Table ,1.1. Mission Plan In Trems of the Maximum Sortie Percentages

Airbase Sam Logistic Close Air
Attack Suppression Suppression Support

TGT-1 TGT-2 TGT-3 TGT-4
ACFT-1

DIST-1 NONE NONE NONE NONE

DIST-2 0.20 0.10 0.10 0.10

DIST-3 0.20 0.10 0.10 0.10

ACFT-2 TGT- 1 TGT-2 TGT-3 TGT-4

DIST- 1
0.15 0.05 0.10 0.10

DIST-2 0.10 0.05 0.05 0.10

DIST-3 0.15 0.05 0.05 0.05

ACFT-3 TGT-i TGT-2 TGT-3 TGT-4

DISTI-i NONE NONE NONE NONE

I)IST-2 0.30 0.10 0.10 NONE

I)IST3 0.30 0.10 0.10 NONE

ACFT-4 TGT- I TGT-2 TGT-3 TGT-,I

DIS''-I NONE NONE 0.30 0.70

I)IST-2 NON ' NONE, NONE NONE

I)IST-3 NONE NONE NONE NONE
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low aircraft resources. As such, the goal programming approach generated positive

values for the procurement variables indicating the procurement need for aircraft.,

The results of all these applications are given in the subsequent sections.

4.2 Results of Original Mixrzaster and Interpretation of Marginal Values

Mixmaster was run in its original construction without the leading constraint.

Also, the right-hand-side values were taken from the current aircraft and weapons

inventory levels. The model used aircraft types 3 and 4 significantly (Figure 4.2).

The summary of the numerical results is presented in Table 4.2.

Table 4.2. Summary of Aircraft-Weapon Allocations

ACFT.
WPN-l WPN-2 WPN-3 WPN-4 WPN-5 USAGE

ACFT-1 0 0 810.811 0 0 2.027

ACFT-2 678.863 0 0 0 0 6.874

ACFT-3 5321.137 0 0 483.676 0 13.921

ACFT-4 0 0 0 8080.318 0 64.852
WPN.
USAGE-- 6000 0 810.811 -0563-99 0

The model did not allocate any of weapon types 2 and 5 to accomplish the

missions. On the other hand the model exhausted weapon type 1 and u. ed weapon

type 4 at a significant level (Figure 4.3). '1 i.e marginal values for the aircraft types

turned out to be insiguificant. The model loaded weapon tyl)e 1 onboard aircraft

type :3 and weapon type 4 onboard aircraft type -1 at significant, levels (Figure 4.4).

In terms of the )rocurement decision, the study also interpreted the marginal

values. If any of the marginal values were significant, then it would imply that there

was a need for procurement. For instance, the objective that was accomplished

yielded a target, value of 67493. If the the marginal value of the type !. aircraft

constraint had ben 10 units, this would translate as the positive contribution of

4-5
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one more aircraft in the inventory. Hence, if the decision maker wanted to achieve a

target value level of 68493; this would require 100 more of aircraft type 1.

9000.00

8000.00

7000.00

6000.00

5000.0a

4000.00-

3000.00-

1000.00 al' ACFT-c3'

WPN-1 WPN-2 WPN-3 WPN4 WPN-5

Figure 4.4. Use of Weapons by the Aircraft

.1.3 Ies nils of Simple Cost limployment Met0hods and Conparisons With and II ith-

out the Leading Constraint

)1.3.1 Aircraft Cost Model lVithout the Leading Constraint. In this run, the

study expected that the model would avoid using the aircraft types associated with

substantial costs. Not surprisingly, the solution appeared to be relatively biased

against the more costly aircraft types. Aircraft type 1 was not used at all because of

4-8



its substantial cost (Figure 4.5). On the other hand the model used weapon types 4

Table 4.3. Summary of Aircraft-Weapon Allocations

AGFT.
WPN-1 WPN-2 WPN-3 WPN-4 WPN-5 USAGE

ACFT-1 0 0 0 0 0 0

ACFT-2 249.221 1793.994 615.385 1004.785 3174.603 19.290_
ACFT-3 2732.707 0 0 0 309.119 1.269

ACFT-4 0 0 0 4781.609 669.164 21.949
WPN. ---___________________
USAGE 2T981. 9 28 1793.9941 615.385 5786.394 4152.886

2K

20a

150

100

5a

CURRENT INVENTORY

ACFT-1 ACFT-2 ACFT-3 ACFT-4

Figure 4.5. Number of Aircraft Per Sortie

4-9



and 5 at significant levels to kill all of the targets (Figure 4.6). The summary of the

numerical results is presented in Table 4.3.

1000-/

9000-/ ..................... .. ..

8000/ ....... . f .. .. ..

7000-// ....

6000/..

5000-

4000-

1000-CURRENT IN VENTORY

F-igure 4.0. 'ihe N umber of Weapons P~er Sortie

II Spite of thleir relatiwvel highl cost, the levels of use of weap)on typ)es 1 and 2

are r'emlarkable; ho~wevr, it i ' nlot surlprising becauise thleir costs were not at drivino"

factor ill thle objectiv-e funict ion. I leiice thle model did not avoid using theii (Figure

-1.7).

As previously st ated, all of the targets were destroyed. Hlowever', thle miodel did

not care about the tactical uises of the dlifferent aircraft typ~es . For instance, aircrtft

type -1 wais considlered to be at Close Air Support (CAS) aircraft; but the model
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allocated it to targets deep in enemy territory which is actually a misallocation of

tactical aircraft.

4.3.2 Aircraft Cost Model. The first modification was to include the cost

of aircraft in the objective function. This method resulted in somewhat balanced

allocations. The model used 21.547 of aircraft type 1, 83.248 of aircraft type 2, 0.927

of aircraft type 3, and 21.331 of aircraft type 4 per sortie (Figure 4.8). The summary

of the numerical results is presented in Table 4.4. The study expected the model

Tlable 41.,t. S urn mary of Aircraft-Weapon Allocations

ACFT.

WPIN- I WPN-2 W1IN-3 WPN-, WPN-5 USAGE

AC FT- 1 10419.311 0 15.'196 0 209.'424 21.5417

ACFT-2 1751.17 ,4383.169 615.385 ,1693.61 0 83.2,18

ACFT-3 0 0 0 0 309.119 0.927

ACFT-, 0 10 0 2245.39 0 21.331
W PN. ___
USAGE 5800.481 11383.169 1 630.881 6939 T 518.57,13

would avoid using the aircraft types with substantial costs. However, aircraft type 1,

despite its relatively high cost, was used as nmch as the relatively least-cost aircraft,

ty)e 1. Because of tils I)ehavior of the model, the study perceived that the leading

constraint had a remarkable effect over the model on the scenario basis. What the

leading constraint did was basically to direct the model parallel to the given scenario

that consisted of the I)I-edeterlnined tao lical use of aircraft on hand. The percentages

of total sorties for each aircraft type were considered as the number and the type

of mission which that particular aircraft was su))osed to fly. However, the mission-

percentage constraint revealed a point of great importance: The evaluation of the

marginal values of the mission-percentage constraint is the same as the evaluation

of the mission planning in terms of the tactical use of the aircraft. For instance, in

this partictular run, the model obeyed the tactical use of the aircraft types, but it did

-t-12
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S..o dest roy all of th- IZEgels. OIT -10.1- of GM I- -1 tzcts in disace band 3

We re a I Ia CkedCA

In this |lnodilication. tle target deStkrctism; rate as W% vi h 0-31 7ri

Volut Detsroyed p-r Dollar as the objcctiye function z ue. To evaluate the ois-

sion !,lannig. the study Interpreted the iiargi, 11walleS of the ;nssroi-j,-cu.-

const raint. The most sigoiiicant marginal ,alate came ft, , the allocatiom of ACF"i-

1TGT--.DIST-1. If the mission planner had coisidered Increasing the right-hand-

side value of this constraint one more unit. then the objective valte would h ae

increased by 1.3i7E--1 unit.

Based on p-rcentages, the results could be ilerprextd in another way. The

total number of sorties that aircraft type :3 couhldi fil was .3605 sorties. !'A of that

number is 36 sorties: 10%7 of that number is 360 sorties. Therefore. if tile mission

planner consid :rs increasing the sortie limit by 10%7(. this would contribute 360 times

1.317E--t' "- ,1 value to the objective function. However. this decision is not

that easy because allocating more sorties to one type of target means ailocating fewer

to the other types. The decision should account for this kind of trade-off in the best

possible way. I: is noted that the model (lid not avoid using the expensive weapons

because there wa. not a weapon cost figure in the objective function (Figure -1.9).

The most effective weapons were used regardless of their substantial costs. VWeapon

types I and 2 had the diversity of aircraft weapons allocations (Figure .1.10).

. ... 11'upon (o.. Model. This modification employed the weapon ,ost in

the objective ficrtion. The first expectation was that Iie( model woulI avoid uswing

weapons wilh substantial co.sts an(l would use any type of aircraft regardless of its

cost. l;ideed. to achieve 0.7552 hgrd Valir D(sroyrd prr Dollar. the model used

all aircraft types but aircraft, type :3 at significanit levels (Figu,,re 1.11 ). The" sIimiir-

of the numerical results is presented in Table !.5.
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it was not surprising that all of these aircraft were loaded with weapoii type 3

which w-as relatively less costly thani the first three types of weapons (Figure 4.12).

Th'le model imit have uised thle cheapest weapon type- however, thc target value per

dollar spent for weaponi type .1 was not better than that of weapon type .5. With

these allocations, all of the first three types of targets wecre completely decstroyedl.

Only 4122.67 of target type 4 in dlistance banid 2, and -512.23 of target type 4 In

distance banid :3 could miot beC destroyedl.

10000

9000-/ --------------------- .. --

8000-/ ------ -- .. .. ..

7000-

6000-/--.. ..

5000-
4000. ... ...

3000-

2000-

1000- CURRENT INVENTORY
4A! IIAWLEVEL OF USE

WPN-1 WPN-2 WPN-3 WPN-4 WPN-5

F.igure 4.12. Number of \Veapons Usedl

lThe ti aret, destrntct io r-ate was 50(Y% an(lI there wvas niot, a (liversity of aircraft,

welpOfliS alIloca)tilolls ( l'igmm I I i Iiis lo(li fi cait lin revea led aniother type of misuse'



of the tactical aircraft. Since the leading constraint leads the selection of aircraft

types, b~ut not weapon types, the leadling constraint could not prevent the model

fron, using only one type of weap~on.

2500.0U

2000.0U

1500.0a

1000.00

500.00 ACF-4

0.0U.
WPN-1 WPN-2 WPN-3 WPN-4 WPN-5

figure 4I.13. U se of WVcalpois 1w the Alircraft,

The leadinga constraint (lid niot have, a sinficant Ui)act onl the Ilse of weal)onls.

A\ t hough1 t he levels of ulse of the alicraft, types per sortie wvere balanced, from a. tac-

tIica] poit of view it was (leternmied that the allocations and the way t~o accomlplislI

th le objective Were u uisatisfatry IM, rover, thle Iulargi nal Values III thle myission-

p)ercentage constraint wvere all insignificanit. That would impldy that thle ission
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planning was fairly reasonable, but it was not adequate to eliminate the misuse of

the tactical aircraft..

4.3.' Sortie Cost Model. This modification included only the sortie cost re-

alized by each type of aircraft for each mission. It was expected that the aircraft

type with the greatest sortie cost would not be selected for th- mission. The aircraft

type associated with the highest sortie cost was aircraft type 3. The results showed

that the model did not employ aircraft type 3 (Figure 4.14). The levels of use for all

aircraft types were below the current inventory level so as to imply that there was

no need to buy new aircraft. The summary of the numerical results is presented in

Table 4.6.

Table 4.6. Summary of Aircraft-Weapon Allocations

ACFT.
WPN-1 WPN-2 WPN-3 WPN-4 WPN-5 USAGE

ACFT-1 2808.62 0 0 0 155.086 24.21

ACFT-2 4696.676 0 0 1313.386 649.826 164.051

ACFT-3 0 0 0 0 0 0

ACFT-4 2,186.619 0 0 2777.184 0 84.021
WP1N.

USAG E 9991.915 0 0 '1090.569 1804.912

Target, destruction was 93%; 131 targets of type 4 in distance band 3 were not

destroyed. All remaining targets were destroyed. With the allocations presented in

Table 1.6, the model achieved 7.8952 7'arqct Value Destroycd pr Dollar. To achieve

this value required a significant use of weapon types I and 1. Weapon types 2 and

.3 were [lot, loaded (l.igure I.15). The' level of use of weapon ltype I was noteworthy.

Clearly, aircraft. type I had a diversity of loads. Also, the high level of use of the

molst expensive weipon was not unexpecl.ed since there was no weaplon cost figure

which would penalize the objective function (Figure i. 16).

Current inventory of weapon type I was 6000. llowever, the level of use ex-

ceeded I Ie ('e 1 rent, inventory so as to indicate a need to buv more of weapon type 1.

1-20
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From a tactical point of view, the way that the model avoided using aircraft type 3

was percieved as unnecessary, since the differences in the sortie costs were not sub-

stantial. However, tile model evaluated the costs based strictly oil the differences; it

did not care about their magnitude. Moreover, the results showed that the most sig-

nificant marginal value came out of the ACFT-3.TGT-4.DIST-3 mission-percentage

constraint at a level of 9.28E-4 unit. As previously stated, the total number of sor-

ties that aircraft type 3 could fly was 3605. An increase of 30% of the sorties for this

mission type would create 9.28E-, times 1081 which results in a 1.0036 positive con-

tribution to the objective value. This is true if the remaining right-hand-side values

were left unchanged. However, this was not the case, because allocating more sorties

to a particular mission would require allocating fewer sorties to others. Again, the

decision should be made after accounting for the trade-off gains and losses.

Clearly, aircraft type 1 had a diversity of loads. Also, the high level of use of

the most expensive weapon was not surprising since there was no weapon cost figure

which would penalize the objective function.

v.,9.5 Aircraft anid Weapon Costs Model. This modification incorporated the

costs of aircraft and weapons in the objective function. The model achieved a level of

0.1561 Tarqet 1 aluc Dcslroycd p r Dollar spent for the aircraft and weaipons. 72.23

of target type 4 in distance band 2 and 281 of the same type of targets in distance

band 3 could not be destroyed. The target destruction rate was 81%. rib achieve

this level, the model used all aircraft types (Figure 4.17). Tle levels of use for all

types were below the current inventory level implying that there was no need to buy

new aircraft. The sunmmnary of tile mumerical results is presented in Table 1.7.

The results showed that the employments of the aircraft types were tactically

reasonable. In this modification the model was forced to avoid using the most ex-

pensive aircraft as well as the' most expensive weapons. The expectation was that

aircraft types I and 3 and weapon types I and 2 would not be used. However, the
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Figure 4.16. Use of Weapons by the Aircraft

Table .1.7. Summary of Aircraft-Weapon Allocations

AC F'T.
\VPN- I WP1N-2 \VIN-3 \V1PN-,l WPN-5 USAGE'

A CFT- 1 2024.655 0 15.,196 121.132 162.506 1,.186

ACFT-2 24159.217 0 762.712 5,430.811 812.2,6 121.,96

ACFT-3 0 0 0 0 309.119 0.927

ACFT-4 0 2721.913 0 2315.559 0 .9
WPN.
USAGE F1483.872 2721.913 778.208 17867.502 1583.871]
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leading constraint influenced the selection process of the model on the basis of sce-

nario. The level of use of aircraft type 3 shows that aircraft type 2 was preferred to

accomplish most of the missions that aircraft type 3 was supposed to fly. Also, the

model used 14.186 of aircraft type 1. In terms of the weapon usage, the expectation

was similar. However, weapon type 1 was used at a significant level regardless of its

high cost (Figure ,4.18). The current weapon inventory level was adequate to supply

the requirements, so there was no need to buy new weapons.

9000Y .. ........ ..... ........................ 
.

8000"]

7000-

6000 "1I. 
..

4000-

3000-,

2000- i

000-CURRENT INVENTORY
O- LEVEL OF USE

VWPN-1 WPN-2 WPN-3 WPN-4 WPN-5

Figure 4.18. Number of Weapons Used

Ai'craft types I and 2 shared the diversity of loads and hence the diversity

of missions (Figure 1.19). The marginiil values in the inlssion-percentage constraint
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were observed to be insignificant, meaning that the mission plan was well prepared.

6000.001

5000.0a

4000.0aF-

3000.0~

ACFT-4

ACFT-3

00 WP- 1 WPN-2 IWPN-I WPN-4 IWPM-5

Figure 4. 19. Use of Weapons by the Aircraft

-;.3.6 Aircraft and Sotic Cost Mlodel. This mnodification employed both the

(ost of aircraft and~ thle Cost of Sortie for each type of aircraft. The model achieved

all objective le at a level of 0.317-1 Targct Vlta De~troyetl per Dollar spent for

the aircraft and Sor-tie. This configuration could not destroy all the targets. The

target destruction rate was 741% with 219 and( 269 of target type 4 in distance baad

2 and 3. respectively, not attacked.
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"Tihe mine used al a ircraft L.e-s (-gure 4-L2). For this m ific a.i., it could

ie exi-eciCd that ult- 11ode %yould avo6id ,Lsitug aircraf lTye-s a-tci-autd trialh h-i

replacement costs as well as with higgh sorkit cos. -!owever. te atodd o:.-cd

A I ~~~~~I gio coustraiiteqiC Dslcis
the tactical use of tile aircraf typ- as the leadit required l)pit is

substantia repaci, ent cost and high :sortie cost. .. ircraft type 3 nas g-Iten credit at

a level of nearly one (0.927) aircraft per sortie. The leyels of use of the irrrft :ypes

per ±-.,rtie were below the current inventory level so that there was no it-ed to foly

new aircraft. The summary of the nunerical results is presented ill Table -LS.

Table -S.. Sunimary of Aircrafi-Weapo AIlocatioiS

ACFT.
\IVN-1 I'N-2 VPN-3 WPN-- WpN- USAGE

ACF1I 1 -10-49.311 0 15.-496 0 209.-12.1 21.-517

-", C FI- 2 2,19.221 15..$5_11S 6 15.3S5 .169-3-61 0 -4 1.9-1-1
ACFT-3 0 0 9 0 309.119 0.927

ACFT--1 0 4S.5-1.203 0 22-5.39 0 91.7i7
\V P N . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

USAGE ' 1298.5-12 110739,3211 630-K-311 6939 518.5.13

'I he model used t he expensive weapons at significant levels because t he weapons

allc,'ations process was not affected by the aircraft and sortie costs. Jo hstroy 7-ds .

ot the tar, ets. the model tised weapon type 2 extensively (Figure -1.21). The cur

rent inventory level of weapon type 2 was 8000. The level of use of weapon ty)e 2

excecded t lie current inventory level by 2739 weapons and thus there %%as a need to

buy 2739 additional Iype 2 -a-apons. In the weapo,is allocat -ns process. aircraft

ty), 2 had a diversity of weap~ons loads and missions (Figure .1.22).

!n le.Ins of the marginal values. onl lhe -\C"T-3.T( T-.t.1)JS'I-I iissiont-

J)ercent -tge constraint a))eare(d to be significant, at a level of 1 .11 -1. In this

)art icular case, an at tempt. was made to cliatige t he mission percentages as a mission

planner 1ight. The model exploited only 30(X of the total sorties that. aircraft type

3 could have flown. The right -hand-side value of tlhe ronst raint which gave t lie most,
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signficat mrginl ~aue as cnsidredto b s-table for allocating the rernaing

705L of the total. comiputied as 2-52315 sorties. Therefore, the po~sitive contribution

turned out to bw- 2523.5 times 1iE4which Is 0-2816- The new Target Ilillue

Destroyed per Dollar spen t for the aircraft arid sortie imecame 0.60-5- The attempt to

force this change was not that difficult because the rmsion peCrcentages of the other

air-craft remtained lte samne; oliy the sorties not flown were reassioned to generate

imiprovemlenit-

ACFT-4

WPN-LJ WPN-2 WPANL3 WPN-4 WPNV-5

Figtire 1I.22. Ilse of W~eaponis by thle Aircraft,

J4.3.7 llrcapoi awd Sortir Cosls Modcl. i this modificationi only the weaiponi

iind sortie costs wvere considered as it coininon denioiniator. Simfilairly, the expec-



tation was that the model would avoid using tihe most expensive weapons and the

aircraft types associated with high sortie costs. Indeed. the most expensive type of

aircraft. aircraft type 3. was not used at all. Moreover, the model did not allocate

any of the first four types of .%capons. A level of 0.6835 Target Value Deslroycd per

Dollar spent for weapons and sorties was achieved as an optimal objective function

value. The summinarv of the numerical results is presented in Table 4.9.

Tfable -1.9. Summarv of Aircraft-Weapon Allocations

ACFT.
WVPN- 1 %VPN-2 WPN-3 \V lN--I WN-5 USAGE

ACFT- I 0 0 0 0 5:6.297 17.6-13

ACF'-2 0 0 0 0 2911.347 267.4-52
ACFT-3 0 0 0 0 0 0

ACFT--1 0 0 0 0 625.006 3.I1,R13
VI)N.

USAGE 0 0 0 0 4072.6-5

A 50% rate of destruction was achieved. The nodel emlploycd aircraft types

1. 2. and -1. but not, aircraft typ- :3 (Figure -1.2:3). Trhe levcl of use of aircraft type 2

was considered to be significan't since the current inventory level for aircraft type 2

was 220. Therefore. the results showed that. there was a need to buy apl)roximately

17 more of aircraft type 2. In terms of weapons procurement.. the levels of use were

not high enough to require procurement need (Figure .1.2-1).

The results did not, show any significance in the marginal values of the mission-

percentage constraint. To implement the missions. 536.297. 2911.3-17, 625.006 of

weapon type :5 were, respectively, allocated to aircraft, types I 2 and ,I (Figure

1.25). From a tact ial point of view, the result," of this nio(lificat.ioii were interpreted

as unsatisfactory because the model employed only oue type of weapon to carry out,

all of the missions. Remaining wealpon tlyl)eS., were considered to be useless by the

model.
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4.3.8 Aircraft, Weapon and Sortie Costs Model. The final cost inclusion

method incorporated all of the costs and hence the model is referred to as the com-

plete cost model. The results were similar to those obtained from the modification

which included the costs of aircraft and weapon. The study concluded that the sor-

tie cost was insignificant with respect to the aircraft and weapon costs. Therefore,

the model made the same selection as it did when the costs of aircraft and weapons

were involved. The model achieved a level of 0.1512 as Target Value Destroyed per

Dollar spent for the aircraft and weapons. 72.23 of target type 4 in distance band

2 and 281 of the same type of targets in distance band 3 could not be destroyed.

The summary of the numerical results is presented in Table 4.10. The destruction

Table 4.10. Summary of Aircraft-Weapon Allocations

ACFT.

WPN-1 WPN-2 WPN-3 WPN-4, WPN-5 USAGE

ACFT-1 2024.655 0 15.496 121.132 462.506 14.186

ACFT-2 2459.217 0 762.712 5,130.811 812.2,16 121.496

ACFT-3 0 0 0 0 309.119 0.927

ACFT-,I 0 2721.913 0 2315.559 0 82.9,16
V P N.

t, SA G F1,11183.872 12721.913 778.208 17867.502 11583.R871

rate of the targets was 81%. To achieve this level, the model used all aircraft types

(Figure .1.26). The levels of use for all types were below the current inventory level.

Reasonably, this implied that there was no need to buy new aircraft.

The results showed that the enmployment of aircraft, types were tactically rea-

.-onal)h'. II this nodificatioil, the model was forced to avoid using the most expensive

aiicraft as well as the most expensive weapons. The expectation was that aircraft

types I and 3 and weal)on types I and 2 would not be used. However, the leading

const raint influenced the selection process of the' model oi the basis of scenario. The

level of us( of aircraft type 3 shows that aircraft type 2 was preferred to accomplish

most of the' mission that aircraft type 3 was supposed to fly.
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In terms of the weapon usage, the expectation was similar. However, weapon

types 1 and 4 were used at significant levels (Figure 4.27). In these allocations aircraft

types 1 and 2 shared the diversity of loads, hence the diversity of missions (Figure

4.28). The current weapon inventory level was adequate to supply the needs; there

was no need to buy new weapons. The marginal values in the mission-percentage

constraint were observed to be insignificant. This insignificance implied the mission

plan was well prepared. The marginal values in the mission-percentage constraint

were observed to be insignificant. This insignificance implied the mission plan was

well prepared.
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44 Goal Programmning Model

The procurement (lecisioii that carne from the simple cost employment methods

were based on the difference b~etween the level of use of thle weapons or aircraft, and

the inventory level. Ini the goal programming application, the procurement decisions

were rep~resentedl by two varialbles; d+, and d±. In addition to these so-definied

p~rocurement varialbles, the set-up) of the model also accommodated some other needs.

Trhe constructioni of the modl emlploys a mission success goal and a predetermined

level of target, value destroyedl ier dollar spent for a mission. The dleviations from

these goals aiso would exp~laini more ab~out, the p~lanlned mission than the st-aildard

m 1odel .

The goal 1)rograning appIroach offers twvo mlore advantages. Firist, til IC Ilissioll

lplannfer would know how miany aircraft were lost due to attirition by looking at the

value of the deviate dloss4 .or if the deviate dloss+ = 0, by simply subtracting the

negative deviate (los.,S from tile level of use for the mission success. Secondly and

mlore iminportant ly, the goal 1)r-ograin iig formulation i nclutdes a budi~get Constrainlt

which1 accounlts for tlie p)ossibi lit y of J)i'oculreient needl. This feature could not be

empllloyed dire( tly inl ally other miodificationis, b)1t the goal programming Ioiniiulatioii

allows inc lus~ion of thle buldget figur i ~lice it employs thle ipiocu ren, :t Variables

(Iirectly.

However, giveni all these advantages, there (does exist a shortcoming. The goal

1)r*ograiiinli Ii;g al)p)roah '1 dpplicd ill tIs stutdy is it linlear programi with sonie additioiial

v'ariables. There is no0j)imlit izatioli of' the, goals. Therefore, the nmodel does not

(list ingmiih the goals Inl terms of' thii pi 111it v. As a quick reaction, priori ti/Aug t lie'

goals by in cludin it a alai ( oflicieitt fom ea'. I of' theiii might wein to be reasonable.

UTnfol'tuliat'll, tisi way of ianking the goals might not assure the desired results at

optimniality withI available soix cis. If thle goals were ranked, the optlimal solution could

achieve the higher priority goals which might have been satisfied at the expense of

the loxxer priority goals. Hlowever, with equal ranking, it wvould not be p)ossible to
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have that kind of optimal .,olution. From the point of view of the researcher, ranking

the goals does not cause any problem as long as there is a solver capable of solving

ranked goal programs. Considering all these circumstances, the study maintained

the equally-ranked goal programming approach.

For this particular application, the study input 0.16 as the desird level of

Target Value Destroyed per Dollar spent for the mission. This value was drawn from

the complete cost model that included the cost of aircraft, weapons, and sorties.

T1he results were very similar to those obtained from the complete cost model. The

sum of the deviations was 160.9284, and the desired level of target value destroyed

was underachieved at a level of 1%. But even at that level, it was equal to the value

that was achieved in the comiplete cost model. Furthermore, the mission success goal

appeared to be nonbinding and was satisfied by the solution. The inodel used all

aircraft types (Figure 4.29). The summary of the numerical results is presented in

Table 4. 11.

Table 4.11. Summary of Aircraft-Weapon Allocations

ACFT.
WPN- I \VPN-2 \VPN-3 WPN-4 WPN-5 USAGE

ACI'T- t 2311.175 1738.136 15.196 121.132 209.42'4 19.276

AC'T-2 3688.825 0 :3075.109 3118.414 607.311 17'1.587
A(CF"'I-3 0 0 0 0 309.119 0.927

A(CI"T-1 0 2 121.913 -'1909.394 2162.603 1 0 1 93.7
NV___ 1)___ N.__ -- 0I 93WPN. i

US AG G O11 00) 1600t 8 000 5,102.1,19 11i25.8551

The level" of use of ,tireraft types were similar to those obtained from the

comlIp!ete cost model. Only the level of use of aircraft type 2 was significantly higher

than that of the last modificat ion, but the difference was compensated for by the use

of diflelent \Xepons. \\eapon t pes I ind 3 were exhausted in the goal programming

results, whereas only -'5% of weapon type I and 54% of weapon type 3 were used in

the last simple cost emnployement (Figure ,1.30). The target destruction rate Nvas 91%
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the total sorties that aircraft type I was supposed to fly were not used. Therefore,

tile initial 40% allocation of sorties was diverted to the marginally most significant

mission. 'ite objective value was expected to be very sinil. Indeed, it turned out to

be 0.00S4. In terms of the deviations, that. was considered to be very insignificant.

The goal programming method assures that the model will make the !xst

allocations with what. is in the inventory, and if the current inventory level is not

adequate to support the missions, the procurement variables d and dt have positive

values in the solution implying a need to buy more aircraft or weapons. Another

remarkable feature of this method is that the model does not show any significant

bias in aircraft/weapon allocation. The study shows that the goal programming

method exhausted weapon type I in spite of its substantial cost.

4.5 Probabilistic Pai ameter Model

This approach first determined the cost of the mission employing the stochasiuc

concept of the sortie and then modified the dimensions of the parameters to make

them consistent with Mixmaster. As previously stated, this particular method used

a similar data base with differences in parameter dimensions. In addition, there is

a time issue involved in this method. In cost computations, time is the independent

variable. The study used predetermined time values for each type of aircraft, against

a target, in a distance band. The employment of the time variable generated a great

deal of conservative behavior in terms of the allocation process. The results showed

that the number of targets destroyed were nearly the same as in the other models,

however the model achieved that level with fewer aircraft and weapons. rhe time

variable affects the probability that the aircraft is killed, the proba)ility that the

target is destroyed, the expected number of passes, and the expected sortie durations.

Hence, within the limitations of the assuinptions, the time-dependent coinpuitations

were considered to be accurate and realistic.
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The model achieved the objective at a level of 0.153 Target Value Destroyed

per Dollar. This level is very close to tiose obtained in tile goal programming

model and the last simple cost employment models. The conservative behavior of

the model appeared first in the aircraft allocation process where the model tried to

avoid using the expensive aircraft - Consequently aircraft types I and 3 were: used at

levels of 0.795, and 1.171 per sortie, respectively Most of the missions were executed

by aircraft types 2 and 4 (Figure 4.32). The summary of the numerical results is

presented in T'able 4.12.

Fable -. 12. Summary of Aircraft-Weapon Allocations

ACFT.

WPN-1 WPN-2 WPN-3 WPN-, WPN-5 USAGE

ACFT-1 0 0 0 0 1059.535

ACFT-2 0 0 273.595 301.525 357.332 20.705
ACFT-3 0 0 0 0 79.61 1.174
ACFT-4 0 0 0 0 574.04 25.005
WPN. _
USAGE 0 0 2 73.595 1301.525 12070.517]

The modcl continued the same conservative behavior in the weapons allocations

process, The weapons with subtantial costs were not used at all. Only weapon types

3, 4, and .5 were employed to accomplish the missions (Figure .1.33). The levels of

use for the resources were considered to be very low with respect to those of the

former models.

To decide whether there was a need to buy more aircraft, or weapons the

levels of use for the aircraft and weapons constraint were cornpared with the current

inventory levels. The levels of use were well below current inventory levels implying

that the current inventory levels were adequate to accomplish the missions.

In the probabilistic method, the study observed that the leading constraint

was not as effective as it was in the former model.. For examl)le, in the complete

cost model the objective function included all the costs, )ut, the model did not avoid
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using one of the most expensive aircraft types -at a level of 14.186 per sortie. Also,

two of the most expensive weapons, weapon types 1 and 2, were used at significant

levels. The probabilistic method used the same aircraft at an insignificant level

and did not use either of the same expensive weapons. Only 15.24 of target type 4

in distance band 3 remained unattacked. The model loaded a diversity of weapon

types to aircraft type 2; the remaining aircraft types were loaded with weapon type

5 (Figure 4.34).

1200. ,

1000.00,

800.0a

600.00

400.00L

ACFT-4
ACFT-3

WPN-1 WPN-2 WPN-3 WPN-4 WPN-5

Figure 4.34. Use of Weapons by the Aircraft

In terms of the mission percentages, none of the marginal values turned out

to be significant. However, after analyzing the marginal values of the mission-

percentage constraint, it could be concluded that in the first distance band, the
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use of aircraft type 1 against target types 2, 3 and 4 would contribute more than 1he

present allocation did.

4.6 Goal Programming Form of the Probabilistic Model

None of the modifications that the study implemented changed the linear con-

struction of Mixmaster. The idea was to investigate the possible ways to incorporate

cost and budget issues in Mixmaster. Given that the probabilistic approach to de-

termine the cost coefficients did not upset the linear construction of Mixmaster, the

study followed the same logic used in the goal programming method. The proba-

bilistic method showed a biased and conservative behavior in the aircraft/weapon

selection process. It was expected that the goal programming construction would

execute the selection process without bias, because the goals are equally weighted.

Therefore, the selection process in the goal programming would not preempt the use

of expensive aircraft and weapons. However, this behavior does not mean that the

selection process is done without regard to the cost of the aircraft and weapons. On

the contrary, the selection process accounts for the achievement of desired levels for

the goals associated with costs, and to achieve the levels specified by the goals, the

model must implement the best allocations. For example, to achieve a level of 0.16

for Target Value Destroyed per Dollar, the model must find the best combinations

that would sum to 0.16 for Target Value Destroyed per Dollar. Selecting only the

most expensive aircraft and weapons would underachieve this goal unless the model

destroys the desired number of targets with fewer aircraft weapon combinations. In-

deed, the results show that, unlike the probabilistic method, the goal programming

version allocated the most expensive weapons in doing the missions.

The goal programming version achieved a level of 0.14 for the objective function

value and used all aircraft types (Figure 4.35). The level of use for aircraft type 3 was

not significantly different than that of the probabilistic model, but aircraft type 1 was

used three times more in the goal programming form. In addition, the level of use
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for aircraft type 4 was observed to be more significant than that of the probabilistic

model--almost four times more. The summary of the numerical results is presented

in Table 4.13.

Table 4.13. Summary of Aircraft-Weapon Allocations
I ACFT.

WPN-1 WPN-2 WPN-3 WPN-4 WPN-5 USAGE

ACFT-1 4218.436 0 0 0 529.741 3.292

ACFT-2 367.303 0 273.595 301.525 245.201 21.45

ACFT-3 0 0 0 0 79.61 1.174

ACFI_ 4 0 1932.452 0 1994.064 0 89.183
WPN.
USAGE 4 586.739 11932.452 273.595 2295.589 1854.552]

The substantial difference came from the weapons allocation. The goal pro-

gramming model selected mostly the weapons with substantial costs. The model

executed the selection process without bias. Indeed, weapon type 1, and weapon

type 2 were used at significant levels compared to the probabilistic model (Figure

4.36). Similar to the probabilistic model, a 99% target destruction rate was achieved.

Only 11.513 of target type 4 in the third distance band remained unattacked. The

model presented a diversity in weapons allocations process for aircraft type 2 (Figure

4.37).

The mission-percentage constraint produced some significant marginal val-

ues. For example, the marginal value from the ACFT-1.TGT-4.DIST-3 mission-

percentage constraint was -0.995; the one from the ACFT-3.TGT-4.DIST-3 mission-

percentage constraint was -0.978, the one from the ACFT-4.TGT-4.DIST-2 was -

0.948. This means that to allocate one more sortie to one of these missions would

decrease the deviations in the objective function by aproximately one unit. For the

goal programming model, the marginal values imply a unit decrease in the objective

function if the related resource is increased by one unit. So the marginal evaluation

affects the deviations from the goals, and hence, their levels of achievement
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A in low p RV~gpalMT".-021811i- g Hmdto4 to dberde woimy th--re was a et-ed to
buyno n rcft Otrtea ts the e - the of4 prognegia uabkS Vre digecked.

All o. the pecureanenni vriabks turned out to zero imping toa there eaS nEgo

atffs Ibu tr airc-ft o- eapof the airnt inventoriy leels were adquate

to acco.nnplhsh 1he Biissions-

4.7 Procicarnnil Ur-net-;

A case wasgent-rate-d to determine whether thegoal progranwiing method

would. ian fact. allowi lite procurement variables to be in tote solution- To generate

this case- the rih-in-ievalues - of lte aircraft availability constraint were di-

aniash d to a coasiderably lew level &or each type of aircraft- The goal programning

application of Mixinaster was run subject to low aircraft resources. The levels of the

weapon resources were kept unchanged. The assumed inventory for the aircraft is

presented in Ta'le 4.1-1

l able 4-14. Assumed Invtentorv Levels of Aircraft

ACF-T-I 10
ACFT-2 20

ACFT-3 10
ACFT*-,l 15

The model underachieved the desired level of Taryt E "luc Dc,lroy!cd pcr Dollar

by approximately 50%. The level of achievement, was 0.088 an(l the desired level was

0.16. But most imj)ortantly lthe ifo(lel used the aircraft re.sources completely; i

additlion, it emplove( lhe aircraft procuremnent variables to accomplish the missions.

The current weapon inventory was a(lequate for the requirements of the campaign.

The solidions showed that the mo(lel emnploye(d 16..151 of aircraft type 1, 20.030 of
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If the current method of .JSG had l)een implemenIted to determine the procure-

mient needs, the levels of use for aircraft would have leCII obtained by computing

the difference from the current aircraft inventory. However, in the goal programming

approach, the procurement varial)les would present. the difference that, woiui have

been computed under the current approach. Indeed, in this case, the procurement

variables are:

1+ C Iz- 6.451
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.CVT_- = 0.030

ZCFT_3 = 0

= 8.0-30

indicating thai there is a need to buy 6.451 more aircraft of type 1, 0.030 of type 2,

and 8.030 of type 4. Consequently, a decision should be made taking these procure-

ment variables into account.

4.8 Summary

This chapter presented the results obtained from the implementations of mod-

ifications. Since the simple cost employment methods did not include the cost and

budget figures in the configuration of the model simultaneousl, they proved to be

unsatisfactory except for one feature that the last simple cost employment method

provided. This feature is that the last simple cost employment method introduces

the maximum Target Value Destroyed per Dollar that can be achieved within the

given data base and the mission plan. The research adopted that value to use in the

goal programming approach as the desired level of the Target Value Destroyed per

Dollar.

The goal programming application generated important features. First, it al-

lowed the inclusion of both cost and budget figures in the configuration simultane-

ously. Secondly, since it emploxs the procurement variables directly in the configu-

ration, there were no requirements for further calculations to determine the procure-

ment needs. Finally, I lhe aircraft. and weapons allocations process was not l)iascd by

the substantial cost differences.

The probabilistic approach introduced the time issue. The probabilities, the

expected kill values and the costs were all time-dependent variables. Consequently,

the probabilistic method proved to be a conser.ative method because the model

achieved almost the same target, destruction rate by using considerably fewer air-
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craft and weapons than lite previous methods. The reason was interpreted to be the

time faC1-,- F'-5 e-xample, in the previous method, an aircraft was launching all the

wreapons that were loaded. But in the probabilistic method, the expected number of

attacks, and hence, the number of weapons launded are time-dependent. Therefore,

the research also noted tlh.t the probabilistic method would produce more accurate

numbers given that the parameters A and p are accurate- However, the probabilistic

method did not include both the cost. and budget figures simultaneously. Follow-on

calculations were required to determine the procurement needs. Due to these dis-

advantages, the research developed a goal programming version of the probabilistic

methods.

The goal programming version of the probabilistic approach also employed the

procurement variables directly in the configuration. The cost and budget figures

were involved simultaneously. No further calculations were required to determine

procurement needs. The model was not influenced by the substantial cost differ-

ences which could cause a bias. Furthermore, introducing the time variable in the

calculations promised more accurate results given that the parameters A and , are

estimated accurately.

The following chapter discusses the case studies. Two different mission plans

are employed in the complete cost model, the goal programming model, the pr3b-

abilistic model and the goal programming version of the probabilistic model. The

effects of the leading constraint and the consistency of the modifications are investi-

gate.45
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V. CASE STUDIES

5.1 Introduction

This chapter reports the behavior of the model subject to various mission

plans. For investigating the overall consistency of the modifications and the sug-

gested models, the study executed two case studies. These case studies employed

different mission percentages for each type of aircraft in the scenario, Changing

the mission percentages-they are actually the percentages of the total sorties that

should not be exceeded-meant changing the leading constraint. This constraint. as

explained previously, has already been leading the model as the scenario requires.

The last simple cost modification, the goal programming approach, tie probabilistic

approach to determine the cost coefficients in the objective function and its goal

programming version were run for these two cases. The first case is the mission

plan that defines the upper bounds of sortie allocation to targets for each aircraft

by mission. The second mission plan defines the same upper bounds distance-wise.

The aircraft fly against all targets but in only one distance band.

In case 1, aircraft type I is dedicated to SAM suppression. 50% of the total

sorties that aircraft type 2 fly are planned for logistic suppression; the remaining

50% are planned for close air support (CAS). Aircraft type 3 is dedicated to airbase

attack. Finally, aircraft type 4 is planned to be used for CAS in the first distance

band. These allocations are presented in Table 5.1.

In case 2, aircraft, type 1 is l)lanned to fly airbase attack, SAM suppression,

logistic suppression and CAS only in the second distance band with equal numbers

of sorties. Aircraft type 2 is planned differently. Aircraft, type 2 flies 35% of its total

sorties for airbase attack, 35% for SAM suppression and 30% for logistic suppression

only in the first distance band. Aircraft type 2 does not fly CAS missions. The plan

dictates aircraft type 3 to fly equal numbers of sorties for airbase attack, SAM sup-

pression, logistic suppression, and CAS in the third distance band. Finally, the plan
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dedicates 20% of the total sorties that aircraft type 4 flies to SAM suppression, 20%

to logistic suppression and 60% to (AS, in the first distance band. The allocations

of case 2 are described in Table .5.2.

Thes-e cases were modeled using the complete cost model (i.e., including the

aircraft, weapon and sortie costs), for the goal programming method, for the proba-

bilistic approach and for the goal programming version of the probabilistic approach.

5.2 Case 1

5.2.1 Simple Cost Employment Method. This model is the complete cost

model whose objective function includes the aircraft, weapon and sortie costs. The

model achieved a level of 0.0889 Target Value Destroyed per Dollar. The level of use

for aircraft type 3 was considered to be remarkable since this aircraft type was the

most expensive type (Figure 5.1). The summary of the numerical results is presented

in Table 5.3.

The target destruction rate was 78% with 488 targets of type 4 in the third

distance band unattacked. As a tactical suggestion, the plan confined aircraft type

4 in the first distance band against target type 4. The number of sorties assigned

to this aircraft type was more than what is required to destroy target type 4. The

solution showed that aircraft type 4 employed 19% of its total effort. This percentage

was sufficient to perform the mission. However, most of the same type targets in the

third distance band remained unattacked. The upper bound on sorties that aircraft

type 2 was supposed to fly against target type 4 in the third distance band was

not adequate to permit destruction of all type 4 targets. Furthermore, employing

another aircraft type was implausible in the mission plan. The model acted with

bias in weapon usage. Although it allocated the most expensive weapon, which was

weapon type 1, at a level of 2652.175, it did not use weapon type 2 (Figure 5.2).

The weapon that the model used most was weapon type 4. Figure 5.3 shows that

aircraft type 2 had the diversity of weapon allocations.
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Table .5.1. Mission Plan of Case 1

Airbase Sam . Logistic Close Air
Attack Suppression Suppression Support

TGT-1 T"GT-2 TGT-3 TGT-4ACFT-1

DIST-I NONE 0.30 NONE NONE

DIST-2 NONE 0.30 NONE NONE

DIST-3 NONE 0.40 NONE NONE

ACFT-2 TGT-1 TGT-2 TGT-3 TGT-4

DIST-1 NONE NONE 0.20 NONE

DIST-2 NONE NONE 0.10 0.25

DIST-3 NONE NONE 0.20 0.25

ACFT-3 TGT-1 TGT-2 TGT-3 TGT-4

DIST-1 0.25 NONE NONE NONE

DIST-2 0.35 NONE NONE NONE

DIST-3 0.40 NONE NONE NONE

ACFT-4 lGT-1 TGT-2 TGT-3 TGT-4

DIST-1 NONE NONE NONE 1.00

DIST-2 NONE NONE NONE NONE

DIST-3 NONE NONE NONE NONE
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Table 5.2. Mission Plan of ,,ase 2

Airbase Sam Logistic Close Air
Attack Suppressit Suppression Support

TGT-1 TGT-2 TGT-3 TGT-4
ACFT-1

DIST-1 NONE NONE 7 NONE NONE

DIST-2 0.25 0.25 0.25 0.2"

DIST-3 NONE NONE NONE NONE

ACFT-2 TGT-I TGT-2 TGT-3 TGT-4

DIST-1 0.35 0.35 0.30 NONE

DIST-2 NONE NONE NONE NONE

DIST-3 NONE NONE NONE NONE

ACFT-3 TGT-1 TGT-2 TGT-3 TGT-4
DIST-1 NONE NONE NONE NONE

DIST-2 NONE NONE NONE NONE

DIST-3 0.25 0.25 0.25 0.25

ACFT-4 TGT- 1 TGT-2 TGT-3 TGT-4

DIST-i NONE 0.20 0.20 0.60

DIST-2 NONE NONE NONE NONE

DIST-3 NONE NONE NONE NONE
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Table 5.3. Summary of Aircraft-Weapon Allocations

ACFT.
WPN-1 WPN-2 WPN-3 WPN-4 WPN-5 USAGE

ACFT-1 0 0 722.892 1873.922 0 7.494

ACFT-2 2652.175 0 0 1532.167 1843.028 159.631

ACFT-3 0 0 454.545 0 518.909 11.915

ACFT-4 0 0 0 2500 0 124.167
WPN. _
USAGE 2652.175 0 1177.437 15906.088 12361.937

The marginal values obtained from the mission-percentage constraint were in-

significant, but some of the sortie allocations were not used at all. With a close

examination of the upper bounds for sortie allocations, the mission planner can eas-

ily assign the sorties which were not flown to missions that would contribute more

to the objective. For instance, in the mission-percentage constraint the sortie adlo-

cations of aircraft types 1 and 2 that remained idle could be used for airbase attack,

SAM suppression, and CAS missions in each distance band.

In terms of the procurement decision, the levels of use of aircraft and weapon

types implied that there was no need to buy more. The current inventory levels

were adequate to supply the mission requirements during the first time interval of

the campaign.

5.2.2 Goal Programming. The goal programming results were similar to those

obtained in the complete cost model. Indeed, even with 50% underachivement, the

value of Target Value Destroyed per Dollar appeared to be nearly the same. The neg-

ative deviate d- from the first goal was 0.074, and the desired level of achievement

was 0.16; therefore, the first goal was underachieved. The actual value of Target

Value Destroyed pcr Dollar was 0.086. However, the same level of achievement of

the goals did not mean the same allocations of aircraft and weapons. Aircraft types 2

and 4 were used more significantly than the other types (Figure 5.4). The summary

of the numerical re-ults is presented in Table 5.4
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Table 5.4. Summary of Aircraft-Weapon Allocations

ACFT.
WPN-1 WPN-2 WPN-3 WPN-4 WPN-5 USAGE

ACFT-1 0 0 722.892 1873.922 0 7.494

ACFT-2 6000 12.748 0 1532.167 1282.933 204.301

ACFT-3 0 0 454.545 0 518.909 11.92

ACFT-4 0 634.318 6822.563 2424.242 0 49.28
WPN.
USAGE 6000 647.07 8000 5830.33 11801.84
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Figure 5.4. Number of Aircraft Per Sortie
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unattacked in !he compkeae cod mv ,d But to d y all th targets, the snodd
used iore eapons including the mce, nsive ones. Wempon types I and 3

exhausted by the model (Figure 5.5). It is unolorthy thIa the wM used the gost

expensive weapon in its allocation prcess. This behavior indicated that the goal

progranming structure worked better with the leading constraint.
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Figure 5.5. Number of Weapons Used

The deviations from the goals were not. present in the solution except for the

negative deviate from the first, goal d-. This implied the satisfaction of all the goals
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except the first one. But aress this kele of achiev enat for the ttarget tAue destroyed

wa cogt-idr to be saftisfafcor" since all the #a.-s were dek-roved.

li tht-evauation of the marinal values from tim istnisson-percentageconstraint:

ito s ificanl marginal values ere observed- lowever, as far as the study was

concerned, lte number of sortes remaiting idle could be allocated to aircraft type :3

agaiast targer type 4. There were other sorties to allocate to aircraft type 4 against

target types I and 2. but the assignment. of aircraft type 4 to target types 1 and 2

would be a tactical misuse of the aircraft- Aircraft types 2 and 4 had the diversity

of weapon allocations. All aircraft and weapon types were employed by Ehe model

( Figure 5.I).

In terms of the procuremnent decision: the study concluded that there was no

need to buy more aircraft or weapons because the procurement variables dj and d,

did not appear in the solution. Furthermore, within the given time scenario, the

model produced a solution that destroyed all the targets using the resources in the

current inventory.

5..3 Probabilitic -Ilethod. The probabilistic method results of the case 1

pian were conservative as they were with the original plan. lowever, the levels

of use of aircraft types wcre significantly different than those obtained with the

baseline plan. A level of 0.0356 Target Value Destroyed per Dollar inas achieved as

the objecti- e function value. The missionwise allocation of the aircraft made the

model assign even the most expensive aircraft, wihich is aircraft type 1 (Figure 5.7).

The summary of the numerical results is presented in 'able 5.5.

It was expected that the model would not. use expensive weapons. Indeed,

weapon types 1, 2, and 3 were not employed at all. Overall evaluation of thc weapon

use was that the model's weapon selection was not sound from the tactical point of

view (Figure -5.8). There was no diversity of weapon usage. All of the missions were

accomplished by using only two weapon types (Figure 5.9).
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Figure 5.6. Use of Weapons by the Aircraft

acble 5.5. Summary of Aircraft-Weapon Allocations

ACFT.
WPN-1 WPN-2 WlPN-3 WlPN-, WPN-5 USAGE

ACFT- 1 0 0 0 852.351 0 11.338

ACFT-2 0 0 0 0 778.311 18.1

ACFT-3 0 0 0 0 66.208 1.913

ACFT-, 0 0 0 0 796.083 34.678
WPN. _
USAGE 0 0 0 852.351 11610.602
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The target destruction rate was 69%, and only 51% of target type 4 could be

destroyed. The number of sorties assigned to aircraft type 2 against target type 4

in the second and third distance bands was not sufficient. The marginal values from

the mission-percentage constraint implied that the case 1 mission plan was not well

planned. There were very significant marginal values. The values from the ACFT-

2.TGT-1.DIST-1, 2, and 3 mission-percentage constraints were the most significant

marginal values at a level of 0.002. These significant marginal values implied that the

use of aircraft type 1 against target type 1 would contribute more than the current

allocation did. In the missionwise planning, the numbers of sorties that aircraft

types were supposed to fly were not equally distributed. Consequently, there were

idle sorties that were not flown at all. By observing the marginal values, the results

suggested the assignment ,f the remaining-not flown-sorties to the missions with

high marginal values.

In terms of the procurement needs, the levels of use for aircraft and weapon

types were not moro than the current inventory levels. There was no need to buy new

aircraft or weapons. The current inventory was sufficient to supply the requirements

of the campaign. Furthermore, it should be noted that the evaluation of the marginal

values should be done before the successive runs of the models to determine the actual

procurement nee(' i.

5.2.4 Goal Programming Version of the Probabilistic Method. The goal pro-

gramming version of the probabilistic method produced very similar results to those

obtained in the preceding section. The same value of 0.03 was achieved as the Tar-

get Value Destroyed per Dollar. Actually, the target value goal was, underachieved.
The desired level was 0.25 and the results showed that the negative deviate from

the target value goal, di , was 0.22; hence, the difference was the level of achieve-

ment for this goal as 0.03 Target Value Destroyed per Dollar. The behavior of the

goal programming model was not as conservative as it was in the preceding section.

The goal programming construction eliminated the bias that w,,S occurring in the
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Table 5.6. Summary of Aircraft-Weapon Allocations

ACFT.
WPN-1 WPN-2 WPN-3 WPN-4 WPN-5 USAGE

ACFT-1 0 0 0 852.351 0 11.34

ACFT-2 3657.704 0 741.765 0 0 44.72

ACFT-3 0 0 0 0 66.208 1.91

ACFT-4 0 1685.915 0 2411.008 0 80.37
WPN. __
USAGE 3657.704 11685.915 1741.765 13263.359 166.208

aircraft/weapon selection process. In this construction, the model used all types of

aircraft and weapons regardless of their substantial costs.

The model employed all aircraft types (Figure 5.10). The levels of use for

aircraft types 2 and 4 were significant. However, the mission plan constrained the

use of aircraft type 2 against target type 4 in the second and third distance bands. In

addition there were substantial numbers of sorties that remained idle. The summary

of the numerical results is presented in Table 5.6.

With this mission plan a level of 70% was achieved as the target destruction

rate. Similarly, only 52% of target type 4 could be destroyed. There was a 1%

increase compared to the results of the preceding model. To accomplish the missions

with 70% target destruction rate, the model employed all weapon types (Figure

5.11). Clearly, the weapon that the model used most was weapon type 1 which, at

the same time, was the most expensive weapon. The study interpreted that behavior

as strong evidence for an unbiased selection process.

The marginal values from the mission-percentage constraint seemed to sug-

gest the same tiing The marginal values from the ACFT-2.TGT-4.DIST-2 and 3

mission-percentage (onstraint were the most significant at levels of -0.932 and -0.940

respectively. The study concluded that if the number of preassigned sorties to be

flown by aircraft t. pe 2 against target type 4 in the second and third distance bands

had been increased, the deviations from the goals would have been decreased. Also,
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the study observed that a substantial number of sorties for aircraft type 1 were

assigned unnecessarily. It was suggested that those idle sorties should have been al-

located to missions with high marginal values. Therefore, the levels of achievement

for the goals would have increased.

4000.004
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2500.00

2000M0
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Figure 5.12. Use of Weapons by the Aircraft

The aircraft/weapon allocations presented more diversity than the probabilistic

model did. In Figure 5.12, the allocations showed that there was a diversity in

weapon usage. This diversity can be interpreted as the significant difference from

the preceding model.
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Although the goal programming model used more weapons, it did not incur

any shortage in the current aircraft and weapon inventories. The goal programming

model used more weapons than the probabilistic model in order to achieve the goals.

This meant that a significant number of weapons were allocated although they had

small contributions to the achievement of the goals. There was no need to buy

new aircraft or weapons. The current inventory levels were adequate to supply the

requirements for the campaign. In addititon, the evaluation of the marginal values

should preempt the decision for further runs by updating the constraint with the

initial results because the marginal values may suggest better missions.

5.3 Case 2

5.3.1 Simple Cost Employment Method. The mission plan of case 2 was made

distancewise. Each aircraft type flew all the missions but only in one particular

distance band. The complete cost model produced reasonable results that helped

highlight how the leading constraint affected the model. The objective value of this

method with the case 2 mission plan was 0.1382 Target Value Destroyed per Dollar.

It was considerably higher than the value obtained with the case 1 mission plan.

However, the case 2 mission plan was not as successful as the case 1 mission plan

in terms of the number of targets destroyed. The target destruction rate was 54%

which was significantly lower than the rate achieved with the case 1 mission plan.

As another result of the case 2 mission plan, 73% of target type 4 could not be

destroyed. To destroy 54% of the targets, the model employed all weapon types

(Figure 5.13). It was remarkable that the leading constraint affected the selection

process of the model because the level of use for aircraft type 3 was quite different

from those of the modificatiois previously presented. The case 2 mission plan forced

the model to use the aircraft for all the missions and preassigned them distancewise.

The summary of the numerical results is presented in Table 5.7.
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Table 5.7. Summary of Aircraft-Weapon Allocations

ACFT.
WPN-1 WPN-2 WPN-3 WPN-4 WPN-5 USAGE

ACFT-1 0 0 0 1603.369 817.32 2.2

ACFT-2 0 0 0 1004.785 402.377 5.6

ACFT-3 0 0 935.673 0 1415.505 167

ACFT-4 0 1 0 1 0 12500 1 0 2.6
WPN. __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

USAGE 0 0 935.673 15108.153 2635.202]
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Figure 5.13. Number of Aircraft Per Sortie
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The model did not use any of the relatively expensive weapons. The behavior

that the model displayed in the weapon selection process was expected since the

leading constraint did not have any effect on the weapon selection process (Figure

5.14).
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Figure 5.14. Number of Weapons Used

The marginal values from the mission-percentage constraint were insignificant.

Hovever, the model could not destroy 73% of target type 4 in the second and third

distance bands. The case 2 mission plan led the model to use aircraft type I in the

second distance band and aircraft type 3 in the third distance band. The number

of sorties preassigned to aircraft types 1 and 3 were not adequate to accomplish
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To dexideC 7hether ltere M-as a Ineed to buy new aircraft and weapons, tile

leres of itse for aircraft anid Sreapolts were compared witi lte current. inventory

k-'ds. re study concluded that there 'as no Ue procurement needs. The current

ine 'eno. fer-s were adequate to supply t he requirements of t he campaign. However,

if there -ere still sonte undestroyed targets. even after accounting for the changes

caused by t'e interpreiations of the niarginal values, then additional runs would be

necessar" to implement all the missions (i.e. the way JSG approaches the problem).

Consequenitly, the levels of use shown in the additional runs would dictate whether

there would be a need to buy new resources or not.

5.1J2 Goal Pi-ograinmin. The goal programming approach was expected to

eliminate bias from the model. Although the results revealed that the model ignored

the substantial cost differences in the aircraft and weapons allocation process, the

model did not ignore the costs of aircraft and weapons. The desired level of achieve-

ment for the Target Value Destroyed per Dollar goal was 0-16. However, the negative

deviate, d-, appeared in the solution as 0.025 implying the underachievement of that

goal. Then, the level of achievement for the goal was determined by the difference

which was almost the same as the value achieved in the complete cost model. This

difference was 0.135 target value detsroved per dollar.

Larget destruction rate was a 92% and only 136.822 of target type 4 in the

second distance band remained unattacked. The reason for this appears to be the

limitations caused by the case 2 mission plan. Aircraft type 1 was preassigned to

the second distance band to fly all the missions. But the upper bound on the sorties

that this aircraft was sup))ose( to fly was not adequate to permit destruction of all

target type 4 in this particular distance band.

With the case 2 mission plan, the model employed all aircraft types (Figure

5.16). It should be noted that the levels of use were very significant.. Aircraft types 1
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and 3 were employed despite their substantial costs. The summary of the numerical

results is presented in Table -5.8.

Table -5.8. Summary of Aircraft-Weapon Allocations

ACFT.
WPN-1 WPN-2 WPN-3 WPN-4 WPN-5 USAGE~i

AC FT- I F2,170.727 2M.911 0 1603.369 18.615 68.723

ACFM-2 0 0 0 1004.785 402.377 5.336

ACFT-3 3529.273 41139.703 }_907.029 0 309.119 100

ACM-, 0 313.406 7092.971 2500 0 110.862
WPN._
USAGE 6000 7044.019 8000 5108.153 1896.1111

The model demonstrated an expected behavior in the weapons allocations pro-

cess. The results showed that weapon type 1 and 3 were exhausted by the model.

Obviously, the substantial cost differences did not affect the allocation process since

weapon types 1, 2 and 3 were used at significant levels. This behavior indicated

the unbiased behavior of the goal programming model (Figure 5.17). There was a

diversity of weapon usage (Figure 5.18).

The evaluation of the marginal values revealed the need for more sorties against

target type 4 in the second distance band. The marginal value from the ACFT-

1.TGT-,.DIST-2 mission-percentage constraint was -0.264. This value was consid-

ered to be very significant. Also, similarly, there were some idle sorties left over.

The study suggested raising the upper bounds of inission-percetages by taking the

marginal valies into account.

The procurement variables d+ and d+ did not appear in the solution. Further-

more. tihe interpretation of the marginal values should preempt any premature pro-

curement decision. The initial assignment process for the upper bounds on sorties-

mission plan- woull likely generate a better solution, the new results then could

be considered to determine whether there would be a need to buy new aircraft and

weapons.
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5.3.3 Probabilistic Method. In the probabilistic method the case 2 mission

plan achieved an objective of 0.078 Target Value Destroyed per Dollar. The antici-

pation was that the model would again act conservatively. Indeed, the results were

conservative implying that fewer aircraft and weapons were used. However, the effect

of the case 2 mission plan was remarkable. The leading constraint strongly led the

model.

The target destruction rate was 88% and only 212.088 of target type 4 in

the third distance band remained unattacked because, again, the mission plan con-

strained aircraft type 3 against target type 4 in that particular distance band. On

the other hand, there were some idle sorties that aircraft type 3 did not need to

fly against some other targets since those targets were already destroyed by fewer

sorties.

The model employed all aircraft types (Figure 5.19). The effect of the case 2

mission plan could be easily observed from the level of use for aircraft type 3. This

level of use was considerably different from that presented for the case 1 mission

plan. The summary of the numerical results is presented in Table 5.9.

Table 5.9. Summary of Aircraft-Weapon Allocations

ACFT.
WPN-1 WPN-2 WPN-3 WPN-4 WPN-5 USAGE

ACFT-1 0 0 0 275.117 637.477 9.114

ACFT-2 0 0 0 76.985 48.2 2.222

ACFT-3 0 0 3910.227 0 70.412 29.69

ACFT-4 1002.273 0 0 245.452 796.083 110.855
WPN.
USAGE 1002.273 0 3910.227 597.554 15217

The model's behavior in the weapon allocation was biased because the level of

use for weapon type 1 was not considered as significant. Furthermore, weapon type

2 was not used at all. To achieve an 88% target destruction rate, the model used

1002.273 of weapon type 1, 3910.227 of weapon type 3, 597.554 of weapon type 4
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and 1552.172 of weapon type 5 (Figure 5.20). In aircraft/weapon allocations, aircraft

type 4 had more diversity than the other aircraft types (Figure 5.21).
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Figure 5.20. Number of Weapons Used

The marginal values from the m ission-percentage constraint were all insignif-

icant. However, the study analyzed the levels of use for the mission-percentage

constraint. As previously stated, the case 2 mission plan constrained aircraft type 3

against target type 4 in the third distance band. The study suggested that the idle

sorties should have been reassigned by increasing the upper bound for the ACFT-

3.TGT-4.DIST-3 mission-percentage constraint if a higher objective function value

was sought.
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To determine the need for procurement, the levels of use were compared with

the current inventory levels. The results indicate that with this conservative be-

havior, the probabilistic model would hardly generate any need to buy more of the

resources within the scenario of this study. Indeed, there was no need to buy new

aircraft or weapons. The current inventory levels were adequate to supply the re-

quirements of the campaign. Prior to making procurement decisions, one should

evaluate the marginal values of the mission-percentage constraint since they may

suggest changes in the mission plan.

5.3.4 Goal Prograinming Version of the Probabilistic Method. The goal pro-

gramming version of the probabilistic method achieved more success than the original

probabilistic model (lid with the case 2 mission plan. The target destruction rate

was 92% and the model kept the same value of the objective at 0.078 Target Value

Destroyed per Dollar. In this configuration, the model could destroy only 88% of

target type 4. Even this level of destruction against target type 4 was better than

that of the conventional linear model.

The model was expected to act unbiasedly against substantial cost differences.

Indeed, the levels of use of the expensive aircraft and weapons presented the proof

that the goal programming version of the model facilitated the guidance of the leading

constraint. Moreover, the resources were employed as they were required, regardless

of their substantial cost differences. The model used all aircraft types (Figure 5.22).

The summary of the numerical results is presented in Table 5.10.

Another superior behavior appeared in the weapons allocations process. The

model employed the first two types of weapons despite their high costs. The model

achieved the same level of Target Value Destroyed per Dollar as the probabilistic

model did; however, the goal programming version used the weapon resources in a

more balanced fashion (Figure 5.23). It noteworthy that the probabilistic model had

not used weapon type 2 whereas the goal programming version used it at a significant
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Table 5.10. Summary of Aircraft-Weapon Allocations

AGFT.
WPN-1 WPN-2 WPN-3 WPN-4 WPN-5 USAGE

ACFT-1 0 0 0 533.508 588,073 9.1

ACFT-2 0 0 0 76.985 0 0.147
ACFT-3 3704.775 0 336.695 0 70.412 1.5

ACFT-4 1 0 11320.45 1 0 1500.986 1796.083 jL14.98
WPN. _________________

USAGE 3704.775 1320.45 336.6951 1111.479 14154.568
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Figure 5.22. Number of Aircraft Per Sortie
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level. With the case 2 mission plan, the allocation process of the goal programming

approach presented more diversity than the probabilistic model did (Figure 5.24).
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Figure 5.23. NLmber of Weapons Used

Analyzing the marginal values fron the mission-percentage constraint revealed

that the case 2 mission plan constrained aircraft type 3 against target type -1 in the

third distance band. There were some idle sorties that aircraft type 3 did not fly

because the preassigned missions were already accomplished with fewer sorties than

initially allocated. The study observed that the marginal value from the ACFT-

3.TGT-4.DIST-3 mission-percentage constraint was very significant at a level of -

0.978. This significant value implied that one additional sortie preabsigned to airciaft

type 3 against target type 4 in the third distance band would decreamt the sum of
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the deviations from the goals by -0.978 unit. The results suggested that the idle

sorties should be reallocated to aircraft type whose marginal value is significant.
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Figure 5.24. Number of Weapons Used

Consequently, to decide whether there was a need to buy new aircraft and

weapons, the study checked the values of the procurement variables d+ and d+ .

They did not appear in the solution, implying that there was no need for new air-

craft and weapons. The results support the argument stated in the preceding section

that the conservative behavior of the probabilistic method would rarely produce a so-

lution where the procurement variables have significant positive values. The current

inventory levels were adequate to supply the requirements of the campaign. Again, it
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should be noted that rwsing the Doiissioxv plain after cminw the nianrnai thnes

should precede successive riss to &lern~ine the procmnneun nele&s.

5.1 Suiwary

The case st udies were impieiieted It lhe last simple cot ezgla l~miet 7 rIhe

goal programming approach. lte probabilistic 11itodr anfd the 'goal progranmnumng

version of the probabilistic mnethod. The case I mnission plan coi-sists of mnissionsiise

initial allocations, whereas the case 2 mnission plan Msitlili allocates aircraft dis-

tancewise- T[le results obtained from tine impenmtjisshowed tliat th ion

p~lan -lead ing constraint-has a considerable effect on the model.

As ob~served in Chapter -1. the superior features of tine goal programmisngf con-

struction such as unbiased allocations, providing direct answers for procurement,

and including the cost and budgept figures simultaneously -was remarkable- Further-

more, tine probabilistic method kept its conservative behavior in aircraft./wteapon

allocations for both mission plans.
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VI. CONCL USIONS A ND RECOMMENDA4TIONS

G. I flit' of IAc CIts ea cle

Ovren ; campaig" scenario, Itle JSG analysis cif'orls lin support of procurement

decisions do ntot include lte costs of aircraft, wyeapons or Sorties-. Xoreover, -wite

a decision -is made to procure aircraft amid weapons. lte analyses do not directly

addrenss lte question of whether die designated budget would be adequate to allow

lthe procurement needs- Therefore, JSG needs a modified -Xixmaster model: one

which incorporates lte cost and lbudget issues within its construction- In tis wai-

the analvses are mnore sound and tinielv since tile results are e-aluated onl tile basis

of cost.

Initial attempts at modifying the MNixmaster model for direct inclusion 6f cost

in tile objective function caused the Mixmmaster model to execute the campaign sce-

nario iconsistently with operational and tactical needs due to Its aggregation level

and linear -construction. Tis inconsistency is manifest as allocating, anl aircraft be-

yond its operating range or allocatling anl aircraft with improper tactical cliaracteris-

tics agfainst a target. Such p~rob~lems were encounitered1 when the cost of aircraft was

inclutded lin the objective function. The miodel considlers .subst antial cost dlifferenices;

between two aircraft type-s to lbe significant. Consequently. the results ob~tainedl front

lte modlel shiowe(l a r inarkable bias lin fav, or of lte least costly- aircraft. However, in

the inventory t here are alre-a(lv- (lifferent types of aircraft anti weapons. and prior to

lprortirenllent of miore of lte least cost]%- aircraft. TAC should1 use what, It has lin the

iiiventorv. .\Ilocafing lte least co(st lv aircraft mnakes sense, but. not, if the( allocatedl

aircraft dloes not. mneet. op~erational an(l t actical nee(ls.

Ilaving staledl the prolVIlem, the research obje(ctiv-e wats fErst to suggest, alterna-

l ive mnodifications to the( mnodel and] then to investi1gate themn. A corollary objective

was to aissure the( consist ency of the( m1odlel WillIi the Operational and1( tactical flee(lS.
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Trherefore, the research generated tile concept of a leading const raint- This constraint

allocates thle number of sorties that an aircraft should not exceed when flying against

a target type determined by the mission planner. The maxim-umn numbers of sorties

are determined as the percentages of tile total sorties that an aircraft canl fly given

the attrition rates. sortie rates, and duration of the conflict. With this constraint,

[le model is led parallel to thle given operational and -.IcLical requirement-,. Conse-

(luently, a baseline model was developed with the addition of the leading constraint

to (lhe [ile Mlixmaster model. Indeed, tlie application of the first modification with

andl without thle leading constraint demonstrated that the leading constraint had a

considerable effect onl the model's results.

ThFie research snggestedl four main alternative modifications where thc first al-

ternative has seven variations They are:

1. Simple cost emp~loymenlt in the ob~jective function

" Including the cost of aircraft

" Including thce cost of munitions

" hIcluding the cost of sortie generation)

* Including the costs of both aircraft and mnunitionis

" Includling the costs of both aircraft. and sortie generation1

" Inclumdinmg the costs of both mnunitions aiid sortie gewerationl

* hI cl~d i hg the costs of aircriaft.. im n itboms amwd sort le generat Lion

2.A goail programinig aipproatch

3. A probabilistic apjproatch Lo dleter-mie the cost (;oeffi( idn.' in th.i1) j oi ev

fundc lollI

4I. A\ goa p1rogIul 111111ifig versionl of the prbbiiti pproalch
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All modifications were applied to the baseline model. The data base and the

mission plan-right-hand-side values of the leading constraint-were generated by

the researcher, and two case studies were performed to investigate the operational

consistency with two different mission plans. Given that JSG addresses "real-life" Air

Force procurement problems, and the number of constraints is fewer than the number

of variables in the linear configuration of the Mixmaster model, it was expected

that the results of the Mixmaster model will give more than one optimal solution.

Indeed, the results obtained from the runs presented alternate optimal solutions.

Unfortunately, it is not yet possible to predetermine the number of alternate solutions

when the problem size is quite large (i.e., problem size that requires a computer

program). Thus, the research interest focused on the solutions obtained with the

first runs. The research conclusions are presented in the subsequent sections.

6.2 Simple Cost Employment Method

The simple cost employment methods provided the researcher with an un-

derstanding of the behavior of the model when including different costs. The bias

generated by the evaluation of substantial cost differences was eliminated to a re-

markable degree by means of the leading constraint. But, to some extent, due to

the linear programming construction of the problem, the effect of including different

costs generated expected behavior from the model. For example, including the cost

of aircraft generated an allocation pattern from less costly to more costly aircraft

while still obeying the leading constraint. Also, the research did not. generate a con-

straint that, would lead the allocation of weapons. The reason for this is the wea)on

allocation should be performcd on an expected kill basis- the weapon's ability to

destroy the target. For the model, the differences in weapon costs were much more

significant than tie differences in expected kills. Including only the aircraft cost ig-

nores the weapon and sortie costs; whereas, including only tile weapon cost ignores

tie aircraft, and sortie costs. hen the costs were conmlineld, tie effect of Sol tie cost,
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on the solution was insignificant. In particular, when the aircraft, weapon and sortie

costs were combined into one cost, the results were exactly the same as the ones

produced by only including the aircraft and weapon costs. The objective function

value was somewhat different since there was an additional cost.

The overall evaluation of the simple cost employment methods proved unsatis-

factory for various reasons. First, the model did not answer the procurement question

directly; to determine the need for procurement, further computations were required.

Second, when procurement was required, the model did not permit inclusion of the

budget figure designated for procurement. As previously explained, tile right-hand-

side values for the aircraft and weapon availability constraints were assumed to be

extremely large. Therefore, the model was not constrained by the current inventory,

rather by the number of targets and the sortie rates. After running the model, the

levels of use were compared with the current inventory levels. If the current inven-

tory levels were less than the levels of use, the difference would indicate the need

for procurement. If not, then the current inventory would be adequate. Moreover,

even if the difference indicated a need for procurement, the procurement issue was

not subjected to a budget constraint.

lowever, the last simple cost employment method, complete cost model, pro-

vided an important feature. Since the model included all costs and was run by

relaxing the aircraft and weapon availability constraints, the level of achievement

for the objective resulted in the maximum value that the model could produce. On

the other hanId, producing the maximumn value did not assure that the allocations

would be sound because in the original linear constructiol of the Mixinaster model,

there was no constraint which forced the' model to use priarily tihe resources in

tlhe inventory. But, it was possible to exploit he simple cost employment method,

especially he complete cost inodel.
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6.3 Goal Programming

The goal programming formulation of the complete cost model produced the

most satisfactory results. The effect of the leading constraint was very significant in

forcing the model to make allocations parallel to the mission plan. The allocations

were operationally and tactically sound. Not using the cost figures in the objec-

tive function eliminated the bias that the linear programming inevitably had in its

solution procedure. Five goals were defined:

1. Achieve a Level of Target Value Destroyed per Dollar Spent for a Mission

2. Achieve at least 80% Sortie Success

3. Avoid Overutilization of Available Aircraft

4. Avoid Overutilization of Available Munitions

5. Kill as Many Targets as Possille

The objective function employed positive or negative deviates in terms of the

desired underachievement or overachievement of the goals. Tihe desired level of target

value destroyed was found by means of the last simple cost employment because this

value was the maximum achievable Target I'alve Destroyed per Dollar for the given

scenario. Reasonably, the thought for pushing the maximum yield above the achieved

level might come to mind. H-lowever, with the equally-ranked goal programming

model, increasing the desired levcl for target value destroyed per dollar did not

change the level of achievement since it was already at the maximum.

Goal programming provided a solution for total sortie success that the decision

maker seeks to achieve. According to the results, the level of sortie success was

not binding for the given scenario, However, there may be some cases where the

desired level of success is binding. Hence, the (lecision maker would readjust the

sortie success level. 133 means of the underachivement variable which is the negative
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deviate from the sortie success goal, dloss'j, it is possible to determine the number

of aircraft expected to be lost during the campaign.

As its most attractive feature, the goal programming model directly provides

the procurement variables. The procurement variables, the positive deviates from

the aircraft and weapon availability goals, d+ and d+, are directly shown in the

solution. Consequently, providing this information eliminated the need for the com-

putations that JSG performs to determine procurement needs. In addition, the goal

programming model uses current inventory levels for right-hand-side values; there

was no need to relax the aircraft and weapon availability constraints and to make

the right-hand-side values as large as JSG assumed for procurement computations.

Also, the goal programming model allows the analyst to include the budget

figure in the model and make the budget constraint affect the procurement needs.

Hence, the analyst was aware of whether or not the budget designated to procurement

needs was adequate. Changing the budget figures and then running the model also

provided further insight in terms of simulating budget uncertainties.

6.4  Probabilistic Method

The probabilistic method presented a critical concept: the concept of time.

In the the Mixmaster model, the time concept was treated as the duration of the

canij)aign specified by the analyst for computing the total sorties that an aircraft flies

as related to the attrition and sortie rates. The costs, therefore, were fixed costs and

did not include the tiiie element, However, the main driver of real-life conflict is time.

Most of the variables related to conflicts depend on the time element. Moreover,

there is an uncertainty, issue associated with time. Under these circumstances, the

research a)plied Sivazlian's stochastic approach, with necessary modifications, to the

Mixinaster model. The formulas that included time as a main driver were based on

two primary asslniptions:
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1. The Lime in which an aircraft acquires a target has a negative exponential

distribution with parameter p.

2. The occurrence of the enemy threat is a Poisson process with parameter A.

In the probabilistic method, the Mixmaster model keeps its linear construction;

however, the probabilities, the expected kills and the costs are computed with a

dependence on time.

The probabilistic approach allowed the analyst to play the scenario with dif-

ferent aircraft speeds. The speed factor was directly related to the time in which

the aircraft was subjected to a threat. The time issue affects the attrition rates,

the expected kills, and hence, the level of achievement for the objective function.

However, it was noted that the absolute requirement to produce sound and accurate

results was to have good estimates of the parameters A and IL.

The time dependency increased the accuracy and credibility of the numbers

that were used in the Mixmaster model. Furthermore, the time dependency caused

the probabilist'c method to produce considerably conservative results. When the

results were compared, the probabilistic approach destroyed more targets than the

simple cost employment did with significantly fewer aircraft and weapons. The

research attributed this behavior to the conservative behavior of the probabilistic

model. Although the probabilistic model introduced the time factor in the coin-

putations of the probabilities, expected kills and costs, the procedure to determine

procurement needs was tile same as in the simple cost employntent method. There-

fore, the probabilistic approach did not improve the Inodel in terms of determining

procurement needs; however, the cost figures were more reliable because of the time

dependency being reflected.
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6.5 Goal Programming Version of the Probabilistic Model

The research applied the goal programming structure to the probabilistic model.

The goals were the same as previously defined. The desired level of achievement for

target value destroyed per dollar was borrowed from the probabilistic method. Sim-

ilarly, the model kept its conservative behavior in terms of the numbers of aircraft

and weapons used to destroy the targets. That behavior is considered as an advan-

tage which avoids wasting resources. However, it was noted that this advantage was

valid only as long as the parameters A and it were accurate.

The goal programming version of the probabilistic model also provided the pro-

curement variables. The positive deviates from the aircraft and weapon availability

constraints, d+ and d+, defined the procurement requirements. The right-hand-side

values of the aircraft and weapon availability constraints were the current inventory

levels. Therefore, the analyst obtained direct insight on the procurement needs.

The budget figure was included in the model directly so that the procurement

variables associated with their inherent costs could be subjected to a budget con-

straint. In this manner, the analyst could evaluate whether or not the designated

budget was adequate to meet procurement requirements.

6.6 Conclusions

The research concludes that, the leading constraint proved to be useful. The

leading constraint helps the analyst assess the mission. Significant marginal values

from the leading constiaint )rovide insight for improving the mission plan. The sim-

ple cost eml)loyment modifications supported the utility of the leading cost raint.

The complete cost model makes more sense than the other simple cost employment

models since it includes all the costs. Iowever, to determine the need for procure-

inent, the simple cost employment model requires furthe computations, whereas

the goal programming model can provide the analyst with the procurement needs

directly. Also the goal piogramming niodel employs the budget figure in its constiuc-

6-8



tion. In addition, the goal programming construction eliminated the bias that the

conventional linear programming approach generates when subjected to substantial

cost differences. The goal programming model has added flexibility by allowing the

analyst to define desired levels of achievement.

The probabilistic model introduces the critical time issue. As long as the pa-

rameters A and y are estimated accurately, the results obtained from the probabilistic

model will make more sense since the time issue is involved. Furthermore, the goal

programming construction of the probabilistic method offers more advantages by

incorporating the time issue, the procurement variables and the budget figure. Also,

the goal programming approach allows the analyst to define additional goals and the

ability to strive for overachievement or underachievement of the goals.

Finally, given that JSG uses the Mixmaster model, modifying Mixinaster as

a goal programming model is the most appropriate way to incorporate cost and

budget. The objectives of this research are met by employing a leading constraint

for tactical and operational accuracy and by applying a goal programming approach

which includes the procurement variables subject to cost and budget limitations.

6.7 Further Recomnmendations.

The research applied the modifications successfully. The results showed that

there are various ways to solve the problems that JSG faces. However, the research

indicates that two further enhancements can assist the model in generating more

certain and more precise results. These two enhancements are:

1. Ranked goal programming

2. Better estimates for the Parameters A and y

6.7.1 Ranked Goal Programming. Thie goal programming construction that

the research developed herein has equally-ranked goals. Therefore, oue of the goals

cannot be preferred to anothei; all five goals are evaluated equally. 3ut in some
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circumstances, some goals can have higher priorities than others, and there can be a

case where the decision maker wants to achieve a particular goal even at the expense

of the other goals. In that case, the goal programming model can be modified

by ranking and weighting the goals according to the desires of the decision maker.

However, there is a key requirement in order to address this issue-software which

can be used to solve ranked goal programming problems. The research recommends

that the goal programming model be raked and run using a ranked goal programming

solver.

6.7.2 Better Eslimales for A and it The probabilistic method introduced the

time concept ol which most of tile computations depend. The research claims that

the com)utations depending oil time are iore accurate and realistic. However, the

formulas that include time as a main driver are based on two main assumptions:

1. The time in which an aircraft acquires a target has a negative exponential

distribution with parameter it.

2. Tlhe occurrence of the enemy threat is a Poisson process with l)arameter A.

No doubt, the probabilistic inodel works as long as the )aranmeters justify the assumnp-

tions. Therefore, the research also recolnlilends further investigations to improve the

estimates loi' the parameters A and i )y taking the "real life" contbat d5 namics into

account.
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Appendix A. Inventory Levels For Aircraft and Weapons

CURRENTr INVENTORY LEVELS

AIRCRAFT TYPE 1 160

AIRCRAFT TYPE 2 220

AIRCRAFT TYPE 3 100

AIRCRAFT TYPE 4 150

WEAION 'PPE 1 6000

W EA PON TY PE, 2 8000

W EA PON TYP1)E 3 8000

WEAPON TYPE 4 10000

VEAPON TYPE 5 10000

A -



Appendix B. Current Configuration of Mixmaster

inax 'lVD =E~~~ XatnkdtwEXKlLankdtwTGT'VALkl
a rn, k d t to

SubIjc~t to:

E ~ ~ T: E E[ tu,: <TOQi foi- each a
m k (I t It sl'11koft

E E a itu)VN~y TOFVPN,,, for each m
it k d t to

Z ZZ ZXayytktwEXKfILamkadtw TOTG7 L~ for each k, d

[,ouci-boundl73 1 kditw ! .Aayyajk.ctw :5 UjPC7bOt11I,,7 ,3 kdhv



Appendix C. Baseline Model of the Research

max TVD =E E 1 E E E X-ankdtwEXKILankdtwTGTVALkd
a m k d t w

subject to:

• [Xamkdtw TOAC, for each a
711 k (I winktu

E E E E E XakdtwWPNLDai o TOWIN,, for each 'in
a k d t w

E E E 5- Xa.,kdtwEXKIL.mkdw <_ TOTGTH for each k, d
(t M t W

5 5 E X5aatov <_ ATD.kITSORTA C,, for each a, k, d
m t w

X 17nk1 e,o _ 0

is the upper bound of sorties that an aircraft can fly (determined by the mission

planner).
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Appendix D. Similde Cost Employme i MetIhods

D. I hncsion of Ila .-!ir7rcruff Cost

Ila TIT IiE E ~:~T A

su,ject to:

LLLL2. I yIK ["i- rfor ead a

a k j t-

FEZZFEYn:IU I I_<TOIVPN,.- for each in

c in

'-,,,XKJLudl.o.. K T'roTG'r foreach k.d

//Y.. X__. :c .\ ,. ... . .TD T I;OI'i:-C. for each a. k. d

1)-l



1)2 rimsior oef te Wi *pozz Co-d

Y, - y_ - - 7 COn"T3IfTN WPL D

- c~ J

V/ YY V'V.I-'X V)_ < TOUPN., for each in:

>3Xc Y > ~ EX KI L-k4..:5 IVT(;J,, for each k~. S

>333X,.: lTDiTSOR7fAC. for each a. k.. d

> 0j~
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AI)l4of of dik Scirlic (o~,i

max lI)$=Z ZETlTL kGTVL]

['1 K TOa(i. for each a

ZZ~~~~~~ Z -- r0k11PN PK OPNm for each in

~I ~K ~IOT(;fl~i for cach k. d

Z~~~ Z X.kfi ATDkTOITC for each a. k. d
M7 u-I

~'777 kt~ 0



D.4 Incluion of the Aircr-aft and 11'eapon Costs

max TVD/S = Ej Z: : Z: Z: [ I rnk-dzEXKILcmk,,dt,,GTI'A4Lk d]
Irn ir 0TTR7md&,+CSMrPL~

slubject to:

X57nkdgg1 7,
k~ ~ < I TOd,] AC, for each a

i k d w I-- kt

S' : S' Xr,nkd .. EAAILa.n.dti. TOTG1 i for each k. d

5 5 XaIkei.,.-lw.lI17D.-dT'S0R7'-4C, for each a.k, d
In f w

XYaiykdIt, 0



D.5 Inclusion. of the Aircr-aft and Sor-tie Costs

maxzzz X.mkd.EXKIL.mkdtwTGTVAlLkd

ma TP/ = in k: d w 4CCOSTATTRITzkdbi, + SOOSTa]

Sub~jc~t to:

1: r: AanaEd'. ] TOAC, for each a
knI d t Tv .7 Sankdtw

EZF, V,.,,dl,,-IIWPN LD,,,, < TO I PAT. for cach in
a k d I w

Z 13aGfkdtEXAAILakdf. TOTG71d for each k, d

>3>3>3 Akmjrj, ATDakdTSORTACa.. for each aL, k, d
III t TV;

-vanikdfw 0



D.6 Inclusion of the Weapon and Sortie Costs

Mnax TVD/8 E 1: [ :1 XamkdwEXK ILa.kdtwTGT VALkd1
a1 7M k d fw ICOSTfMniI'VPNLDam, + SCOSTa]

subject to:

1: 1:1:E[_A.,,. kdlu,_< TOACa for each ai
rn k d t I u 'amrkdtvw

Z: Z: Z : Xaminc, IVPN LDam, < TOI'PIT,1, for each in
a kI: I IV

>E E XY'-'aIItkiitiWEXKILalkit. ! ''Gikd for each k, d
a MI t w

Z S S Aamkdtiv ,1§LDakd§ISOR§JilCa, for each a, k, d

Xayikdtzg, 0
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D.7 Inclusion of the Aircraft, Weapon and Sortie Costs

max TVD/$ = E E z E E E [XamkdtEXKILamkdttuTGTVALkd]
a m k d t wISCOSTamkdf

subject to:

zz, [':. ] <TOACa for each a
m k d t U'

- E E E XS,,,k,ttj.,1PN LD,,, < TOVPIN~, for each m
a k d t II

S E EE .,,alkdtI h loLankli TO'5-.,'G' for each k, d
a 71l t III

5 5 5 nkd,,, ATI)akdTSORTACa for each a, k,d

711 t tv

X ,7 ,kdt, _ 0

where the mission cost, is

1' I5003 05,,,,1.,, = . 7'- A- , TI?!, ' t i,,.,, + COS'M,, .I. VPN L Da,,m + S COS

)-7



Appendix E. The Goal Programrning Model

min Z = d I:Edloss++ I ±d+!j I: Ed+ ±Ed

I a a M kd

subject to:

z Xarnkdtw EX KILam7kdtw TGTVA LkdjI+d GVLE
a 71 k d~ t 71 MISCOSTa .kdit,, j=TGVL

EEE E amikdtwAITTRITamkdt,,dloss++doss- .2O-TO,,ICa for each a
III k d t 11)

aiytk t ±1 + d -= T O IICa for each a

EL EE Xamkdtw WPNLDa,, - d+ + d- == TO111P N,,, for each rn.
a k d t w

E E E:T XamnkdtwEXKILamkdt,. + dkd = TOTGY'kd for each k, d
a InI t III

E E : E arnkdtw, ATJ)ak(TSO IMICa for each a, k, d
n1t III

E ( A C CO0S~a + d7'7-1COSI1/. <- B UD GET
a U

IXamaltvIOSS+ 0

(1, + (1- dla ' , (Ilo~sS, (/+;, (1-, d-, > 0

Nwhere the mission cost Is

M' ISCOS5" ~,lk ) = AICCO,57IaA''7,,,k~it,, + COSTA.. M,1,WPN!LDL,?, + SCOST

E~- t



Appendix F. The Probabilistic Model

iriax VD/$ E : Ez E Ez [XankdtwETGTKJLmkdtTGT'VALkd]
a In k dtTSCOSTmkd,

subject to:

zzzv K-alkdtw] < TOACa, for each a
"I k t IV LTSamkdtivi

Za .. S Xidt,EXAT17TACK.nkd,,uW1PNLDa m < TOWTN.. for each m
a k d t it'

S S S 5Xai~nkdtwET'GTKILankdw TO0'G7'k for each k, d
a 711 t IV

S E S Xamkdhti < AT1DakdTSOJ?TACa, for each a, k, d
Mf t IV

XZmlk(ttv 0

where the- mission cost is

'I'SCOS7"~,(~i FIXCOST + DURATONCOS7't~ki

+ VEA PON COS7,?k,,U

+A 1110 HA ['1'COS7 am,,d,



Appendix G. The Goal Programming Version of the Probabilistic

Model

mn Z = d- +ZEdloss+ EZd+ i-ZEd+ +ZEd-

a a m kd

subject to:

zzzzzz[XainkdtwETGT'KILrnkdwTGTVALkd1]+d GVLE
a m7 k d t 71 TSCOSTamkdu+,1 TTALE

z z z z zidtit, AI7 ']?IJ'J 7 tkdwv dloss4+dloss- = .20-TOACa for each aI

71 k d w

z z z ~ [Xamkdtw ]-d+ + d- = TJOACa for each a

a k d t tv

S ~>S X ?.ttiTGTJ~akaw+ djk1 = TOTGTkd for each k, d
?Ii t u)

E S 5 Ainkdu, < 11T),kiTSO?7'ACa, for each a, k, d

5dl ACCOSTQ + 5Ed+ COSTA'M.. < BUD G ET
a i

1 (1+ (1 (S+(lS a Iii In ' kd >

where the mission cost is

TSCOSa7 mkd = ]JIXCOST + DURATJONCOSJykdtv

+ 1'VEAPONCOS7'ainkdw

+ AIRCRAFTCOS7'arnkdw
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